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ABSTRACT 
 Hydrolyzing food by-products is a unique approach to potentially increase by-product value 
and reduce waste. An abundant by-product of cheese production, whey, contains all essential 
amino acids and some distinctive peptides with functional and nutraceutical properties. Typically, 
proteins from whey are tailored for specific uses by chemical or enzymatic hydrolysis; however, 
subcritical water hydrolysis is a novel alternative used successfully to hydrolyze various substrates. 
Nevertheless, minimal research exists on:  (1) the hydrolysis of whey protein; (2) the incorporation 
of additives; (3) the hydrolysis of whole whey; and (4) the production of volatiles when using 
subcritical water hydrolysis.  
Therefore, whey protein isolate and whole whey were hydrolyzed in a 100-mL batch, high-
pressure vessel under various treatment conditions. Degree of hydrolysis, peptide molecular weight 
profiles, amino acid content, and volatiles were monitored and the predicted maximum outcomes 
determined by statistical analysis. During treatment of whey protein isolate, an interaction of 
temperature and time significantly affected the degree of hydrolysis with a predicted maximum of 
12.3% using 250 °C for 50 min. The total amino acid concentration was 57.4 mg g-1 whey protein 
isolate with treatment at 300 °C for 40 min. Sodium bicarbonate significantly affected hydrolysis of 
whey protein isolate, and in its presence, the maximum predicted degree of hydrolysis was 50% 
(four-fold increase compared to water alone) and concentration of total amino acids was 83.0 mg g-
1 protein. The predicted maximum degree of hydrolysis of whole whey was 17.8% at 200 °C and 10 
min and the total amino acids concentration was 32 mg g-1 whole whey at 250 °C and 30 min. 
Approximately 35 and 45 volatiles were produced during hydrolysis of whey protein isolate and 
whole whey, respectively, and several were considered malodorous, and a few were classified as 
potentially toxic. Therefore, whey protein isolate and whole whey were successfully hydrolyzed by 
  
 
subcritical water with reasonable control of the end-products. Furthermore, the use of additives 
and the elimination of pre-processing steps reduced the temperature and time requirements of 
subcritical water hydrolysis; however, additional improvement to positively identify, quantify, and 
alleviate malodorous compounds and potentially toxic compounds should be explored. 
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I. INTRODUCTION 
 Whey is the liquid that remains after the removal of casein coagulates in milk treated with 
chymosin or acid before cheese-making. Whey was discovered around 3000 years ago, most likely 
by accident. At that time, it was customary to store milk in calf stomachs, which contained rennet 
that eventually curdled the milk into curds and whey. In the past, whey was considered a waste 
product by the dairy industry. In the 1950’s, the disposal of the yellow-green liquid was considered 
a nuisance. The only options for disposal included:  (1) applying to fields as fertilizer, (2) discarding 
into water or municipal sewage systems, or (3) selling as animal feed (Smithers 2008). The problem 
with discarding whey into a municipal sewer system is that it is considered one of the most 
polluting streams of food by-product with a biochemical oxygen demand (BOD) > 35,000 ppm and a 
chemical oxygen demand (COD) > 60,000 ppm (Gonzalez-Siso 1996). The BOD is 175-fold higher 
than typical sewage sludge. 
A transformation from by-product to co-product occurred when wastewater regulations 
were imposed and scientific and technical advances made whey more appealing. Recent studies 
involve:  (1) understanding chemical, physical, biological, and nutritional characteristics of whey; (2) 
finding efficient and cost-effective processes for concentration, transformation, fractionation, and 
dehydration of whey; and (3) finding opportunities for and exploring health benefits of new high-
value, whey-based ingredients (for functional foods and nutraceuticals) (Gonzalez-Tello 1994b; 
Foegeding and others 2002; Li-jun and others 2008).   
Whey may be tailored to fit certain functional or nutritional needs by removing lactose, 
minerals, and/or water. For example, whey protein concentrates may be produced by ultrafiltration 
or a combination of ultrafiltration, electrodialysis, or lactose crystallization, which may contain from 
35 to 80% protein (Molder 2000). Whey protein isolates (WPIs) may use some of these techniques 
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too, but to get to 80 to 95% protein, ion exchange is performed. WPIs are expensive and time 
consuming to create; however, they are still used primarily for their gelling ability and nutritional 
supplementation. Another way to modify whey is by hydrolysis of its native proteins. Whey protein 
hydrolyzates are used to change functional properties like emulsification, flavoring, foaming, 
gelling, or solubility. The hydrolyzates are often incorporated into beverages, confectionery 
products, pharmaceutical products, infant formulas, sports and weight-management products, and 
animal feeds (Blenford 1994). Hydrolyzed proteins may also contribute to nutritional value as 
antioxidants or biologically active peptides (West and Gallagher 2007). Whey protein hydrolyzates 
may also be used to decrease allergenicity and improve digestibility (West and Gallagher 2007). 
Extensive hydrolysis to liberate a significant amount of amino acids (AAs) is important for certain 
applications such as feed supplementation (McDonald and others 1995). 
Typically proteins are tailored by hydrolysis with chemical or enzymatic catalysts; however, 
hydrolysis by water at superheated conditions or subcritical water hydrolysis (SWH) is a novel 
alternative that has been successfully utilized on many substrates. The use of superheated water is 
not new but has been observed for centuries. The Papin digester, invented by Denis Papin in 1679 
as a result of postulations of earlier scientists, was the first known cooking invention that used 
water above the boiling point under pressure to cook or soften meat and bones (Britannica c2011). 
In recent years there has been renewed interest in superheated water for hydrolysis, hydrothermal 
processing, or oxidation (Brunner 2008). In 1996, Japan banned the dumping of fish waste into the 
sea, which constituted 40 to 45% of the processed material, and this led to the investigation of SWH 
as an efficient process to convert wastes into useful materials, such as hydrolyzates comprised of 
valuable AAs, fatty acids, organic acids, and peptides (Yoshida and others 1999, Yoshida and 
others 2003). Interest in processing of peptides and AAs by SWH is growing because water is non-
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toxic and the use of water generates little waste; thus, SWH may produce less waste than other 
processing techniques. As a result, there have been many studies on the hydrolysis of by-products 
to yield high-value components using SWH (Toor and others 2011). Although supercritical carbon 
dioxide has been used to improve the gelling properties of whey-protein concentrates and isolates 
(Zhong and Jin 2008), there has been no study, to date, on the hydrolysis of whey or WPI using 
subcritical water specifically for the production of high-value hydrolyzates. Furthermore, carbon 
dioxide, formic acid, sodium chloride, sodium hydroxide, and oleic acid (Kang and Chun 2004b; 
Zhong and Jin 2008) have been used as catalysts to improve the hydrolysis of subcritical water, but 
there are many potentially environmentally friendly additives that have not been explored. In 
addition, to conserve the energy and time involved in pre-processing whey isolates, it is important 
to evaluate the hydrolysis of whole whey to determine how the presence of carbohydrates and 
lipids affect peptide and AA production during subcritical water hydrolysis.   
The objectives of this study are:  (1) to determine the temperature and time combination 
that produces the highest degree of hydrolysis (DH) and the greatest yields of peptides and AAs 
during SWH of WPI, and to compare the results to those obtained with a standard hydrochloric acid 
hydrolysis; (2) to study the effect of additives on the SWH of WPI; (3) to compare the DH, peptides, 
and AAs during SWH of whole whey (collected after curd formation); and (4) to identify volatile and 
semi-volatile compounds formed during hydrolysis of whole whey and whey protein isolate. 
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II. LITERATURE REVIEW  
A. WHEY 
In spite of continuous studies into new applications for whey, there is approximately 145 
million tons generated annually (Güven and others 2008), and approximately half of the whey 
produced during cheese-making is still being discarded (Gonzalez-Siso 1996). A review by Modler 
(2000) discussed the use of undiscarded whey in a variety of products. About 45% is used in the 
liquid form for animal feed and agricultural fertilizer. The use is limited, however, due to the high 
lactose, mineral, and saline contents and the expense of transport. Condensed whey in a powdered 
form is an alternative that is easier to store and transport. About 30% of whey is transformed to the 
powdered form and is used in animal feed and in human food (ice creams, baked goods, and 
sauces). In addition, about 15% of whey is used to produce concentrated lactose to be incorporated 
into infant formulas and pharmaceutical products. The remaining 10% of whey is used as whey 
protein concentrates. Recently, however, Russ and others (2007) indicated that only about 25% of 
the total amount of whey produced in Europe has resale value.   
 Further advancement in technologies to improve whey performance and increase the 
potential applications of the by-product is important because the same components that make 
whey one of the highest polluting substances also make it valuable for nutrition. For example, the 
biological value of whey protein is 15% higher than the biological value of egg, which is used as a 
relative standard for reporting biological values (Smithers 2008). 
1. COMPOSITION OF WHEY 
The two types of whey produced are sweet and acid whey. Sweet whey tends to contain 
higher amounts of protein and lower amounts of ash. The general compositional analyses of whey 
and whey protein are shown in Tables 2.1 and 2.2. Whey protein is a complete source of all 
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essential AAs, including high levels of branched chain AAs, which may be utilized as a substitute for 
carbohydrates in maintaining blood glucose levels as well as being used in protein synthesis (Etzel 
2004).  
2. WHEY PROTEINS 
The composition of whey can vary with processing location, time, procedure, and equipment. As 
mentioned previously, 10% of whey is converted into whey protein concentrates or further 
processed into WPIs. To produce concentrates, the whey must go through several processes before 
concentration:  (1) pasteurization to reduce spoilage bacteria; (2) decolorization to remove annatto 
by bleaching; (3) demineralization by electrodialysis or ion exchange; (4) depletion of calcium 
phosphate by a centrifugation process; and (5) removal of lipids by sedimentation, centrifugation, 
or microfiltration. Generally, a combination of membrane processes (reverse osmosis; hyper-, ultra-
, micro-, or nanofiltration; ion exchange, or electrodialysis) are used to concentrate the proteins 
(Kelly and Fox 2006). Concentrates usually contain up to 80% protein. WPIs are a more condensed 
form of concentrate that consist of 80 to 95% protein (Nakai and Modler 2000). Isolates are 
typically purified by protein extraction using ion exchange (Kelly and Fox 2006). Whey protein 
concentrates may be used “as is” or evaporated and spray-dried with lecithin to generate an 
agglomerated powdered form (Kelly and Fox 2006).   
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Table 2.1-Estimated content of the components in whey (reported as g 100 g
-1
 
whey, dry-basis).
a 
Whey type  Ash  Carbohydrate  Lipid  Protein 
Acid  11.7  73.4  0.5  11.7 
Sweet  8.3  74.4  1.0  12.9 
aInformation acquired from Molder (2000). 
 
Table 2.2-Types of proteins occurring in acid and sweet whey. 
Protein type  Protein 
Heat-coagulable (10.5%) 
 α-lactalbumin 
β-lactoglobulin  
immunoglobulins  
serum albumin 
Non-heat-coagulable (2.4%) 
 fragments derived from: 
β-casein 
fat globule membranes 
Biologically active  
(2.3% of protein) 
 immunoglobulins 
lactoferrin 
lactoperoxidase 
lysozyme  
xanthine oxidase 
aInformation acquired from Molder (2000). 
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B. PROTEIN HYDROLYSIS TECHNIQUES 
1. CHEMICAL 
The addition of chemical or enzymatic catalysts is currently the most common method of 
protein hydrolysis (Gonzalez-Tello 1994a; Fountoulaki and Lahm 1998; Clemente 2000; Severin and 
Xia 2006). For chemical hydrolysis, carbonic, formic, acetic, hydrobromic, phosphoric, and 
hydrochloric acids may be used (Lieske and Konrad 1994). The one that is most commonly used is 
hydrochloric acid (HCl). Following hydrolysis with HCl, the whey is neutralized with bases like 
sodium hydroxide (NaOH) or sodium carbonate, producing sodium salts of AAs. The salts add flavor 
but a high acid concentration may produce excess salt in the hydrolyzate. The excess salt generates 
problems when the hydrolyzates are to be used in food, feed, or fertilizer. In addition, some AAs 
(tryptophan, tyrosine, cysteine, phenylalanine, methionine, and arginine) are lost to humin 
formation during acid hydrolysis (Lieske and Konrad 1994).   
When Fountoulakis and Lahm (1998) reviewed a popular method of hydrolysis using 6 M 
HCl for 24 h at 110 °C, they determined the following problems with the method:  (1) asparagine 
and glutamine were transformed into aspartic and glutamic acid, respectively; (2) tryptophan was 
destroyed; (3) cysteine could not be determined directly; and (4) tyrosine, serine, and threonine 
were partially destroyed. They also showed that many AAs underwent racemization and some 
bonds were difficult to hydrolyze with acid (such as isoleucine-isoleucine, valine-valine, and 
isoleucine-valine). In the review, they indicated that there were many techniques that may reduce 
undesirable changes in AAs. For example, using protective agents (like phenol, mercaptoethanol, or 
tryptamine) or the removal of oxygen (by bubbling nitrogen or helium) may aid in the recovery of 
AAs.  
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Alkaline hydrolysis, usually with sodium or potassium hydroxide, is used for gentle recovery 
of tryptophan; however, serine, threonine, arginine, and cysteine are destroyed. The use of 
microwave radiation during acid hydrolysis has successfully shortened hydrolysis time by the uptake 
of radiation energy (Fountoulaki and Lahm 1998); however, Quitain and others (2006) reported that 
microwave irradiation during hydrolysis with NaOH produced more AAs than microwave irradiation-
assisted hydrolysis with HCl, even with low temperatures (110 °C) and short treatment times. 
Quitain and others (2006) also noted enhanced recoveries of tyrosine with microwave irradiation 
during NaOH hydrolysis.  
2. ENZYMATIC 
Enzymatic hydrolysis is also a popular method for improving the nutritional value (Clemente 
2000) and the functionality (Panyam and Kilara 1996; Foegeding and others 2002) of peptides. 
Enzymatic hydrolysis is often used to improve the peptide composition of whey protein (West and 
Gallagher 2007). Typically, it is used to produce different molecular weights (MWs) of whey protein 
hydrolyzates for specific purposes (Abd El-Salam and others 2009). For example, enzyme hydrolysis 
of whey protein may decrease allergenicity and bitterness (Gonzalez-Tello 1994b; Li-jun and others 
2008) or improve emulsifying, foaming, and gelling properties (Gauthier and Pouliot 2003). In 
general, enzymes are gentle and do not induce racemization; therefore, unlike other hydrolysis 
methods, asparagine and glutamine can be quantified following enzymatic hydrolysis (Fountoulaki 
and Lahm 1998). However, there are several problems with enzymatic hydrolysis. Enzymes are 
expensive and cannot be reused. In addition, enzymatic hydrolysis slows over time, so the extent of 
hydrolysis may be less than anticipated. Depending on the enzyme, the decrease in hydrolytic 
activity may lead to a DH < 20% even after two to three hours of hydrolysis. Furthermore, 
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adjustment of the pH may be necessary to maintain the activity of the enzymes or to terminate the 
reaction, generating more waste (Kristinsson 2007). 
Microbiological hydrolysis methods have also being explored. Lactic acid bacteria have been 
used to hydrolyze whey and milk proteins to reduce allergenicity (Jedrychowski 1999; El-Zahar and 
others 2003). However, to maintain cell proliferation, only a narrow range of pHs was acceptable 
and the addition of essential nutrients was required. Also, similar to the drawbacks of enzymatic 
hydrolysis, long hydrolysis times are required to reach certain degrees of hydrolysis (Pescuma and 
others 2007).  
3. DEGREE OF HYDROLYSIS 
To compare hydrolysis methods and different parameters within methods, the DH is used to 
monitor reactions. DH is the number of hydrolyzed bonds divided by the total number of bonds 
(Section E, Equation 2.1). For example, enzyme hydrolysis of whey protein typically results in a DH 
of 4 to 40% (Lieske and Konrad 1994; West and Gallagher 2007). Also, according to Lieske and 
Konrad (1994), DH is useful for measuring the release of AAs, regardless of the proteolytic method 
employed. In addition, functionalities and nutritional values of the hydrolyzate are related to 
peptide length which correlates well with the DH (Schwenke 1997).  
C. HYDROLYZATES 
1. PEPTIDE FOCUS 
The incorporation of whey protein hydrolyzates that improve food functional properties 
(such as emulsification, foaming, and gelling) are important for beverages, confectionery products, 
pharmaceutical products, infant formulas, sports and weight management products, and animal 
feeds (Blenford 1994), as mentioned earlier. The amount or DH will affect properties differently. For 
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example, the greater the hydrolysis the more soluble the hydrolyzates become (Mahmoud 1994). 
Blenford (1994) describes that above a DH of ~20%, significant development of flavor and color 
occur and perhaps bitterness too. Low DHs (< 5%) tend to increase emulsifying and gelling 
properties that diminish with an increase in DH (Molder 2000).  
Hydrolyzates may also have nutritional value as biologically active peptides (Korhonen and 
Pihlanto 2003). These peptides have the potential to reduce cholesterol and may have antibacterial, 
anti-thrombotic, opioid-like, antioxidant, and antihypertensive activities. Webb (1990) reported 
that di- and tri-peptide absorption may be 70 to 80% higher than that of AAs. The rate of absorption 
also depends on the peptide make-up and sequence order. Protein hydrolyzates are also utilized in 
enteric and intravenous diets for people or animals with malabsorption diseases or disorders. Since 
small peptides can readily be utilized by cells as a source of AAs for tissues (Webb 1990), they are 
ideally suited for enteral and parenteral nutrition (Pinto and others 2009). This is important for 
people who have:  (1) Fanconi syndrome (resulting from Lowe’s syndrome), which is proximal 
tubular dysfunction of the kidney that inhibits proper absorption of AAs and other nutrients; (2) 
Hartnup’s disorder, which is the difficult absorption of neutral AAs; and (3) cystinuria, which is the 
poor adsorption of positively charged AAs in humans and animals (Gonzalez-Tello 1994a). AAs that 
cannot be absorbed by the intestines in individuals afflicted with these disorders may be absorbed 
in peptide form (Asatoor and others 1970; Hellier and others 1972). Hydrolysis techniques have also 
been developed to achieve hydrolyzates without phenylalanine for phenylketonuria patients 
(Galvão and others 2009). For other special-needs diets, hydrolyzates can be utilized, but the 
peptides should be 0.5 to 1.0 kDa to avoid a hyperosmotic state, an allergenic response, or a bitter 
taste (Gonzalez-Tello 1994b). Table 2.3 lists the applications and current research involving whey 
protein hydrolyzates.  
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2. AMINO ACID FOCUS 
 Production of AAs by hydrolysis has industrial importance. In animal nutrition, feeds can 
lack essential AAs and must be supplemented. For example, chicks require arginine, histidine, 
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, valine, glycine, and 
methionine (the most limiting of the AAs), and pigs require the same AAs, except for arginine (and 
lysine is the most limiting) (McDonald and others 1995). Several industrial uses for AAs are listed in 
Table 2.3. Currently, AAs are produced by extraction, synthesis, fermentation, and enzymes 
(Abdelmoez and others 2007). Fermentation is the most common method, but there is significant 
interest in investigating the improvement of subcritical water extraction/hydrolysis for the recovery 
of AAs as well as other high-valued products from by-products. 
D. SUBCRITICAL WATER 
Subcritical water (also called superheated water) is water maintained in a liquid state under 
pressure between the boiling point (100 °C at 0.10 MPa) and its critical point (374 °C at 22.1 MPa) 
(Clifford 2008) as indicated in Figure 2.1a. In this temperature range, the density of water decreases 
with increasing temperature and hydrogen bonds are weakened. Water molecules dissociate into 
hydroxonium ions (H3O+) and hydroxide ions (OH-) by a combination of oxygen-hydrogen stretching 
within a molecule and libration vibrations between molecules (Natzle and Moore 1985; Bakker and 
Nienhuys 2002). At ambient temperature and pressure, dissociation only occurs for approximately 
70 μs and can occur once every 11 h (Natzle and Moore 1985). At temperatures around 250 °C, the 
dissociation constant of water increases by three orders of magnitude (Figure 2.1b), which allows 
water to act as an acid, base, or bi-catalyst (Katritzky and others 1996; Chaplin 2008). According to 
Kruse and Dinjus (2007), at densities (Figure 2.1b) below the critical temperature of water, ionic 
reactions are most likely to occur, and at densities above the critical temperature, radical reactions 
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Table 2.3-Applications and research on whey protein hydrolyzates. 
Properties Applications References 
Amino Acids   
Flavor Meat Lieske and Konrad 1994 
Fortification Animal feed, Pet food McDonald and others 1995; West and Gallagher 2007 
Source of BCAAa Supplements West and Gallagher 2007 
Water-binding agent Cosmetics Anonymous 2008 
Improve Functionality   
Antibiotic Broad spectrum use McCann and others 2006 
Antioxidant Radical scavenger, Hydrogen 
donator, Pro-oxidative metal ion 
chelator, Increase shelf-life 
Pena-Ramos and Xiong 2001, 2003; Pena-Ramos and 
others 2004; Pihlanto 2006; Peng and others 2009, 2010; 
Dryáková and others 2010; Raviraj and others 2010 
Flavor Nutritional bars, Pet Food, Yogurt, 
Powdered mixes 
Mahmoud 1994; West and Gallagher 2007 
Foam stability NA Luck and others 2002 
Foam, emulsifier Elemental diets, Infant formula 
 
Chobert and others 1988; Turgeon and others 1991, 
1992; Haque and Mozaffar 1992; Lahl and Braun 1994; 
Caessens and others 1999 
Foam, water-holding capacity Beverages Sinha and others 2007 
Gel strength Tapioca starch Mahmoud 1994; Doucet 2001, 2003, 2005; Zhong 2008 
Gel formation Nutritional supplement Mahmoud 1994; Ju and others 1995; Otte and others 
1996, 1997, 2000 
Immunogenicity Elemental diets, Infant formula Siemensma and others 1993; Gonzalez-Tello 1994b; 
Mahmoud 1994 
Osmolality Elemental diets, Infant formula Mahmoud 1994 
Solubility Fruit drinks, Powdered mixes, Yogurt Turgeon and others 1991; Mahmoud 1994; Singh and 
Dalgleish 1998; West and Gallagher 2007 
Thermostability Nutritional products, RTDb 
beverages, Smoothies 
Hidalgo 1977; West and Gallagher 2007 
Viscosity Fruit juice, RTD beverages, Spray-
dried products, Tablets 
Hooker 1982; West and Gallagher 2007 
Improve Nutrition and Health   
 
1
2 
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Biologically active peptides Beverages, Dried powders, Pet food Shah 2000; Meisel 2001, 2005; Korhonen and Pihlanto 
2006; West and Gallagher 2007; Smithers 2008; Phelan 
and others 2009 
Calcium absorption Calcium-phosphate prevention Rui 2009 
Cytotoxicity of tumor cells Research Choi and others 2009 
Eliminate phenylalanine Research Galvão and others 2009 
Glutathione production Research Pacheco and Sgarbieri 2005 
Immune health Research Beaulieu and others 2006 
Increase intestinal absorption Nutritional bars, Powdered mixes West and Gallagher 2007 
aBCAA- Branched Chain Amino Acids (Isoleucine, Leucine, and Valine)  
bRTD- Ready to Drink 
1
3 
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Figure 2.1-(a) The subcritical area of the Water Phase Diagram and (b) the density and 
dissociation constant of water as affected by temperature and pressure in the 
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are most likely to occur. 
It is not clear whether water in subcritical conditions acts as an acid, base, or both. Comisar 
and Savage (2004) used high-temperature water to form benzalacetone by crossed aldol 
condensation and explored the pH contribution to determine acid- or base-like catalysis. In the 
experiment, the authors added either an acid or a base, and both equally increased the reaction 
rate; therefore, they concluded that a bi-catalyst reaction may be occurring at a neutral pH without 
additives. Hunter and Savage (2004), in a review of several experiments, reported that it was also 
not clear if a specific or general catalysis was occurring or if temperature and pressure affected the 
ion production (for an acid- or base-catalyzed reaction). Although some authors suggested that bi-
catalyst reactions occurred, others suggested that only an acid- or a base-catalyzed reaction occurs. 
Another puzzling factor is that during superheating, the water molecules tend to form clusters 
(Kruse and Dinjus 2007). Overall, neither the dissociation constant nor the dielectric constant for 
the bulk of the water explain interactions in smaller clusters and their solute-solvent collisions, 
diffusion limitations, and cage effects. 
1. CURRENT USES 
Although many reactions and their mechanisms in subcritical water remain unexplained, 
experiments using subcritical water to hydrolyze a variety of products to obtain high-value 
hydrolyzates continue. Using water for hydrolysis has the benefit of acid/base reactions without the 
addition of harmful chemicals that require neutralization or special disposal.   
 There is significant evidence that SWH of proteins is a promising technology for the 
industrial production of peptides and AAs. For example, Yoshida and Tavakoli (2004) tested 
subcritical water in a batch-type reactor under a variety of conditions (170 to 400 °C; 0.792 to 30.0 
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MPa; 1 to 50 min) and yielded valuable organic substances (peptides and AAs) from squid entrail 
waste. The majority of the peptides were 14, 35, 45, and 66 kDa. The greatest production of 
individual AAs (with 5 min of heating) occurred with the following temperatures:  (1) 200°C for 
aspartic, leucine, isoleucine, threonine, and lysine; (2) 240 °C for glycine, histidine, and serine; (3) 
260°C for alanine; and (4) 280°C for arginine. Table 2.4 reviews subcritical hydrolysis of waste 
products, the conditions, and valuable protein products produced from them.  
2. IMPROVING HYDROLYSIS 
Other studies on subcritical water have also provided insight into the potential to enhance 
the production of valuable components (such as AAs) by controlling the parameters or modifying 
the atmosphere during SWH. For example, Cheng and others (2008) found that temperature, 
pressure, type of atmosphere (air, nitrogen, carbon dioxide), and starting material can affect AA 
production. Xian and others (2008) went on to determine that certain atmospheres were ideal for 
high yields of certain AAs. They found that nitrogen or carbon dioxide aided in the production of 
higher amounts of leucine, histidine, and isoleucine when hydrolyzing fish proteins in a modified 
batch–type reactor.  
In contrast to the findings of Cheng and others (2008), many researchers have found that 
pressure had little to no influence on the hydrolysis of protein (Rogalinski and others 2005; Klingler 
and others 2007). According to Rogalinski and others (2005), the type of reactor used may have 
more influence than pressure on hydrolysis. Their study involved the comparison of a continuous-
type reactor and a batch-type reactor for SWH. The authors confirmed that the continuous-type 
reactor allowed for better control of hydrolysis, and the material used influenced the extent of 
hydrolysis as indicated by Cheng and others (2008). Uddin and others (2010), also in agreement 
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Table 2.4-Review of subcritical hydrolysis of waste products, the conditions, and valuable protein products produced. 
Substrate  Product  
Condition (°C, 
min)  Author 
Bovine serum albumin  Biodegradable plastic  250, 1  Klingler and others 2007 
  Amino acids  290, 1  Rogalinski and others 2005 
Baker’s yeast cells  Amino acids  100, 15  Abdelmoez and Yoshida 2006 
Scallop viscera  
Amino acids 
Organic acids 
 
240, 50 
280, 40 
 Rogalinski and others 2005 
Fibroin 
Sericin 
 Amino acids  
120, 10 
220, 60 
 Lamoolphak and others 2006 
Hog hair  Amino acids  250, 60  
Tavakoli and Yoshida 2006; Lamoolphak 
and others 2008 
Fish entrails  Amino acids  250, 60  Esteban and others 2008 
Fish meat  
Amino acids 
Lactic acid 
Pyroglutamic acid 
 
270, 30 
200, 5 
280, 30 
 Esteban and others 2010 
Shrimp shells  Amino acids  250, 60   Kang and others 2001 
Squid entrails  
Amino acids 
Organic acids 
 
200, 5 
280, 40 
 Yoshida and others 1999 
De-oiled rice bran  Amino acids  
200, 20 
220, 30 
 
 
Quitain and others 2001;  
Yoshida and Tavaakoli 2004 
Bean dregs  Amino acids  200, 20  Sereewatthanawut and others 2008 
Feathers  Amino acids  250, 30  Watchararuji and others 2008 
Raw soybean meal 
De-oiled soybean meal 
 Amino acids  
210, 30 
200, 30 
 Zhu and others 2010a 
Black rice bran  
Protein 
Carbohydrate 
Radical scavenging ability 
 
240, 5 
200, 5 
260, 5 
 Zhu and others 2008 
1
7 
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  Marine waste  Amino acids  250, 60  Watchararuji and others 2008 
1
8 
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with previous studies regarding the effect of the starting material on hydrolysis, compared the 
hydrolysis of raw and de-oiled squid viscera and found that de-oiling the material resulted in a 1.5 
times greater recovery of AAs than the raw material. Hydrolysis of de-oiled rice bran and soybean 
meal also produced higher quantities of AAs than the raw product (Watchararuji and others 2008). 
Furthermore, the material-to-water ratios affect hydrolysis as demonstrated by a study on the 
protein yield from sericin and silk fibroin hydrolyzed in a batch-type reactor (Lamoolphak and 
others 2008). 
3. AMINO ACIDS 
In addition to exploring methods to maximize hydrolysis products, there has been significant 
interest in the chemistry of AA production, decomposition, and decomposition products. Kang and 
others (2001) reported that during cooling of the sample following hydrolysis, AAs may combine to 
form small peptides. This conclusion was supported in a study by Imai and others (1999), in which 
glycine was cycled through high and low temperatures and, eventually, formed oligopeptides. In 
addition, Kang and Chun (2004a) noted that high-molecular-weight AAs decompose faster than low-
molecular-weight AAs. They also observed that at temperatures higher than 250°C, AA 
decomposition is greater than AA production. Generally, batch-type reactions produced low-
molecular-weight AAs, and semi-batch and continuous-flow reactions produced higher-molecular-
weight AAs. Kang and Chun (2004a) concluded that removal of AAs from the reaction site preserved 
higher-molecular-weight AAs. Kang and Chun (2004b) also reported that AAs decompose into 
organic acids (formic, acetic, propionic, and succinic acids) even at 250°C. Interestingly, only acetic 
acid increased with an increase in temperature and time while the other organic acids decomposed 
into volatiles like carbon dioxide, carbon monoxide, and water. 
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Sato and others (2004) followed the degradation rates and reaction pathways of alanine, leucine, 
phenylalanine, serine, and aspartic acid during subcritical water treatment under various conditions 
(200 to 340 °C at 20 MPa for 5 to 400 s). He noted that the most common pathways of degradation 
occurred by deamination and decarboxylation (Figure 2.2). Degradation of aspartic acid, serine, 
phenylalanine, leucine, and alanine (in that order) occurred mainly by decarboxylation, producing 
carbonic acid and amines, and by deamination, producing ammonia and organic acids. In addition, 
they found that some AAs may be produced from the breakdown of others. For example, serine can 
form glycine and alanine, and threonine can form glycine. Shiota and Nakashima (2005) also found 
that threonine decomposes to form glycine at temperatures between 121 and 160 °C, but in the 
presence of oxygen, other transformations and side reactions occur, producing glycine-glycine, 
alanine, and other products.   
Abdelmoez and others (2007) described the reactions of 17 AAs treated individually, and in various 
combinations, with subcritical water at 230 to 290 °C. They indicated that most AAs were more 
labile when treated in combination and at a pH ≤ 7.0. AAs are typically classified by their R-groups 
(hydrophobic aliphatic, hydrophobic aromatic, hydrophilic aromatic, or hydrophilic aliphatic with 
negative or positive R-groups), but, according to Abdelmoez and others (2007), the R-group had no 
direct effect on the stability of the AA in subcritical water. Interestingly, the authors also indicated 
that glycine, alanine, valine, and proline were all produced as intermediate products of the 
decomposition of other AA (i.e. valine from lysine and proline from arginine). Cysteine and glutamic 
acid were the most labile AAs; whereas, glycine and valine were the most stable of the 17 AAs 
analyzed. Cysteine, glutamic acid, aspartic acid, threonine, and arginine were very susceptible to 
degradation with temperatures greater than 203 °C. Leucine, isoleucine, phenylalanine, and 
histidine were less stable in the presence of other AAs; however, tyrosine, serine, and arginine were 
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more stable in the presence of other AAs due to an apparent protective effect of other AAs. Basic 
conditions were the most favorable for the majority of the AAs.   
Because individual AAs were susceptible to degradation under different conditions (Sato 
and others 2004), many researchers have generated kinetic models to describe the production and 
breakdown of AAs (Yoshida and others 2003; Shiota and Nakashima 2005; Abdelmoez and others 
2007; Klingler and others 2007). Most studies reported simple, first-order equations to explain the 
degradation of AAs. For example, Esteban and others (2008) hydrolyzed hog hair with SWH in a 
batch-type reactor, and they proposed a simple kinetic model to explain the rate at which 
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Figure 2.2-Examples of possible degradation pathways of a few amino acids during subcritical 
water hydrolysis. Figure is modified from data collected from (Mok and others 1989; Sato and 
others 2004; Klingler and others 2007) and drawn using Symyx Draw 4.0 (Accelrys Inc., San Diego, 
California, USA).Bold compounds represent amino acids. 
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hydrolysis occurs. However, the kinetic modeling is limited and only describes AA degradation from 
a model protein (like bovine serum albumin) and not substrates containing a range of peptides, 
sugars, and lipids (Rogalinski and others 2005). A simplified linear model may not explain AA 
production as a result of peptide hydrolysis or the breakdown of other higher-molecular weight AAs 
and destruction over a wide range of temperatures and reaction times. 
E. MODIFIERS 
The addition of modifiers may improve hydrolysis or decrease time and/or energy required 
for SWH. For example, adding carbon dioxide to high-temperature water hydrolysis has been 
successful at more than doubling the production of acid-catalyzed decomposition products by 
increasing the rate of catalysis (Katritzky and others 1996; Cheng and others 2008). Rogalinski and 
others (2005) used a continuous-type reactor for SWH with carbon dioxide at 250°C for 300 s, and 
compared to water alone at 290°C for 65 s, the AAs yields were four-fold greater with the modifier.  
Exploration of many of the additives resulted from the observation of side reactions 
occurring during SWH (Katritzky and others 1996). For example, the production of water-soluble 
degradation products like acetic acid, formic acid, and ammonia from the decomposition of 
peptides and AAs contributed to autocatalytic cleavages. Further breakdown products like CO2 are 
also formed and may participate in acid catalysis (Rogalinski and others 2005). Another study 
demonstrated that pyrolysis of alkanes can produce free radicals resulting in hydrogen abstraction 
(Vollhardt and Schore 2003). Also, hydrolysis may occur by either dimerisation or unimolecular 
elimination reactions with low or no oxygen or the formation of peroxyl radicals in the presence of 
oxygen (Hawkins and Davies 2001). Thus, the addition of alkenes, organic acids, or some gases may 
increase hydrolysis.  
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Several additives have been used with varying success during SWH. Kang and Chun (2004b) 
used subcritical water and additives (formic acid, sodium chloride, sodium hydroxide, and oleic acid) 
in a batch-type reactor to hydrolyze silk fibroin into AAs. The salt slightly increased AA yield by 
increasing the ionic activity of subcritical water. Formic acid and sodium hydroxide significantly 
increased AA yields (3-fold and 4-fold, respectively), most likely due to acidic and basic catalysis, 
respectively. Sulfuric acid has also been used as an additive in the SWH of poultry waste to produce 
AAs (Zhu and others 2010b). 
F. ANALYSES 
1. DEGREE OF HYDROLYSIS 
DH is commonly used to communicate the extent of the hydrolysis of proteins and to 
describe nutritional and functional properties of hydrolyzed peptides (Doucet and others 2001; 
Pena-Ramos and Xiong 2001, 2003, 2004; Zhao and others 2006; Galvão and others 2009; Peng and 
others 2010). The DH is the percent of cleaved peptide bonds [Equation 2.1] and is defined by 
Adler-Nissen and others (1976), with values for the constants defined in a later publication  
[Equation 2.2] (Adler-Nissen 1986). There are many methods to monitor the DH; a rapid and 
sensitive method is described by Church and others (1983). The method involves the attachment of 
o-phthaldialdehyde and β-mercaptoethanol to an amino group making it detectable at 340 nm on a 
spectrophotometer. Thus, the greater the concentration, the greater the percent of protein 
hydrolyzed. An improvement to the method was presented by Nielsen and others (2001). They 
replaced β-mercaptoethanol with a more “environmentally acceptable” compound (dithiothreitol) 
(Figure 2.3). 
DH = h/ht* 100           [2.1] 
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h = {[(ODsample- ODblank)/ (ODstandard- ODblank)* S* V* 100/ (X* P)]- β}/ {α}    
 [2.2] 
Where: 
DH = degree of hydrolysis (%) 
h = amount of hydrolyzed bonds determined by absorbance at 340 nm 
ht = total number of peptide bonds per protein equivalent for whey (8.8 mEq g
-1) (Adler-Nissen 
1986). 
OD = optical density (absorbance) at 340 nm 
S = serine concentration (0.9516 mEq L-1) at 100 mg L-1 
α and β = constants specific for whey protein (1.00 and 0.40, respectively) (Adler-Nissen 1986). 
X = mass (g) of sample 
P = protein content (%) of the sample  
V = volume (L) of the sample  
2. PEPTIDES 
Determining the MW distribution of hydrolyzates following the use of different hydrolysis 
conditions, methods, or substrates is important to describe the potential for functional or 
nutritional applications. MW profiles have been monitored to determine antigenicity, bioactivity, 
bitterness, radical scavenging, and solubility, and the two most common methods of analyzing 
peptide distributions are sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
size-exclusion chromatography (Silvestre 1997).   
The SDS-PAGE technique is a way to separate peptides by size using charge. SDS denatures 
the protein and then adheres to side-groups to generate negatively charged peptides, so the 
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peptides have a charge proportional to their mass. The peptides are placed in a gel with a certain 
pore size and an electric field is applied. The smaller peptides move through the gel at a faster rate; 
then, with a staining procedure, the general size of the peptides may be determined (Laemmli 
1970). Approximate peptide MW can be estimated by using a range of standards with known MWs. 
Size-exclusion coupled with high-performance, liquid chromatography, which is known as high-
performance, size-exclusion chromatography (HP-SEC), is also a rapid method to separate peptides 
based on size. Instead of relying on gravity to separate peptides, an HPLC can be employed to direct 
the rate of elution, and a detector to measure proteins at 214 nm. The MW of the peptides may be 
identified by creating a calibration curve with standards of known MWs. Doucet and others (2003) 
characterized whey peptides by HP-SEC and in addition used a more recent method of mass 
spectrometry to measure the MWs more accurately called matrix-assisted laser-desorption 
ionization time of flight (MALDI-TOF) mass spectrometry. This method is gaining popularity for 
evaluation of peptides because it can measure peptides in picomole amounts. The method involves 
the mixing of a non-volatile organic compound with a matrix that allows for simple ionization of the 
solution. After bombardment with a laser, the ions are then introduced to the time-of-flight 
analyzer which separates the analytes based on a mass-to-charge ratio. Proteins and peptides are 
good analytes for this method because they are theremolabile and non-volatile (Ashcroft 2010). 
3. AMINO ACIDS 
Methods for AA analysis usually involve liquid chromatography. Henderson and others 
(2000) developed a simple qualitative and quantitative method using OPA derivatization of AAs for 
detection by an ultraviolet-visible detector. Separation of AAs is typically by reverse-phase HPLC, 
which uses polarity to separate compounds. Then a calibration curve of known amounts of AA 
standards may be used to quantify the AAs present in the sample.    
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Figure 2.3-Reaction of o-phthaldialdehyde with glycine to form a fluorophor to demonstrate 
the method of determining the degree of hydrolysis of proteins. Reaction derived from 
Nielsen and others (2001) and BioTek Instrument, Inc. (Held 2006).  
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4. VOLATILES 
Identification of medium- to high-molecular-weight volatiles can be performed by gas 
chromatography/mass spectrometry (GC/MS) (Douglas 2011). The GC instrument vaporizes a 
sample and separates compounds by the shape, size, and affinity to the column that it travels 
through. Compounds elute at different times which allows for some identification if standards are 
used to verify the conclusion. A mass spectrometer may be used for identification purposes based 
on mass-to-charge ratio (Douglas 2011), although it may not be completely reliable when compared 
to mass spectra of online databases (Molyneux and Schieberle 2007). Compounds can be identified 
based on their mass-to-charge ratios, and when using a flame ionization detector (as in GC/MS) the 
compounds are broken into fragments (comprised of smaller mass-to-charge ratios). These 
fragments are the fingerprint of the compound used to identify them against a database.  
Sample preparation into the GC may affect the results of the compounds. For example, 
direct injection of the sample’s headspace may not have sufficient concentrations of the 
compounds to be detectable. Therefore, a simple approach was developed to concentrate the 
volatiles by solid phase microextraction (SPME). The SPME columns consist of silica fibers coated 
with a particular polymer (or combination of polymers) that can selectively absorb certain 
compounds based on polarity and volatility (Supelco 1998).  
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III. HYDROLYSIS OF WHEY PROTEIN ISOLATE USING SUBCRITICAL WATER 
A. INTRODUCTION 
By-products may be tailored for a wide range of applications through hydrolysis. Hydrolysis 
of by-products like whey is performed to improve heat stability, reduce allergenicity, improve 
digestibility, and liberate bioactive peptides (Blenford 1994; Frøkjaer 1994; Korhonen and Pihlanto 
2003; Phelan and others 2009). Additionally, whey hydrolyzates may improve the functionality of 
food products by changing the emulsifying, foaming, gelling, and flavor-binding properties as well as 
viscosity (Blenford 1994). Protein hydrolyzates have also been used in plant and bacterial nutrition. 
For example, small peptides and AAs can be used as foliar fertilizers (Quartieri and others 2002), 
while hydrolyzates with high AA content can enhance plant growth, climate tolerance, chlorophyll 
concentration, and chelation transport of micronutrients (Shahidi 2007). 
Chemical and enzymatic processes are typically used to hydrolyze WPI (a model protein). 
Acids or bases are very effective, but they may destroy and/or cause racemization of AAs 
generating waste products that require treatment before safe disposal (Fountoulaki and Lahm 
1998). Enzymes are an appealing option for protein hydrolysis due to their specificity, but they can 
be expensive and time consuming, and they require the use of acids and bases for pH control 
(Fountoulaki and Lahm 1998; Sereewatthanawut and others 2008). 
SWH is an alternative to traditional methods of protein hydrolysis; it uses water as the 
reaction medium rather than acids or enzymes. During SWH, water is maintained in the subcritical 
state, which is between the boiling point (100 °C and 0.10 MPa) and the critical point (374 °C and 22 
MPa), where it remains a liquid due to the high pressure (King 2000). As the temperature and 
pressure approach the critical point, the ion-product of water increases, which increases its 
potential to act as an acid- or base-like catalyst. SWH has been successfully utilized to generate 
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protein hydrolyzates and AAs from animal by-products (Rogalinski and others 2005; Cheng and 
others 2008), marine by-products (Kang and others 2001; Quitain and others 2001; Yoshida and 
Tavakoli 2004), and plant materials (Watchararuji and others 2008). 
The objective of this study was to evaluate the hydrolysis of WPI using SWH. More 
specifically, the goals were to evaluate the effects of temperature and time on SWH of WPI and to 
determine how the parameters affected the DH, the peptide profile, and the AA content. The SWH 
method was also compared to conventional acid hydrolysis (AH). 
B. MATERIAL AND METHODS 
1. MATERIALS  
WPI (90% protein content) was purchased from Davisco Foods, Inc. (Eden Prairie, 
Minnesota, USA). Ortho-phthaldialdehyde (OPA) (97% purity) and an AA standard kit were 
purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Bis/Acrylamide, Tris HCl, TEMED, APS, 
Coomassie blue G-250, pre-stained-SDS-PAGE-board range standards, and ready-made Tris-Tricine 
gels were obtained from Bio-Rad Laboratories (Hercules, California, USA). Acetonitrile, hydrochloric 
acid, and methanol were purchased from VWR (Radnor, Pennsylvania, USA). Solutions were 
prepared with de-ionized water and the mobile phases were prepared with HPLC-grade water.  
Reagent. The OPA-derivatizing solution was prepared fresh daily according to Nielsen and 
others (2001). It was prepared by combining 160 mg OPA (dissolved in 4 mL of ethanol), 7.62 g di-
sodium-tetraborate decahydrate, and 200 mg sodium-dodecyl-sulfate in 150 mL of water. After the 
solution was thoroughly mixed, 176 mg dithiothreitol was added and the volume was adjusted with 
water to 200 mL. 
2. METHODS 
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Experimental Design. Two CCRDs with two factors and five levels were used (1) to find the 
path of steepest ascent and (2) to study the main effects and interactions of temperature and time 
during SWH (Tables 3.1 and 3.2). Experimental runs were randomly conducted and the response fit 
to a quadratic equation [Equation 3.1] as a function of the coded factors, temperature (x1) and time 
(x2). 
Y = βo + β1x1 + β2x2 + β12x1x2 + β11x1
2
 + β22x2
2
       [3.1] 
Where “Y” represents the response and “β” represents the intercept, linear, quadratic, and 
interaction constants, respectively. 
To increase the power of significance and verify temperature-time interactions, a third set 
of experiments was conducted with a 2-factor, 6-level, completely randomized factorial design 
(CRFD) in duplicate with temperatures of 250 and 300 °C and reaction times of 0, 10, 20, 30, 40, and 
50 min. 
Acid Hydrolysis. The acid hydrolysis (AH) method described by Fountoulaki and Lahm (1998) 
was used to hydrolyze the WPI to determine the maximum theoretical DH. Triplicate samples of 0.5 
g of WPI were suspended in 5 mL of 6 N HCl in Teflon screw-capped glass tubes. After the 
headspace was purged with helium gas, the tubes were capped and heated to 110 °C for 24 h in a 
forced-air convection oven. The hydrolyzates were subsequently neutralized with potassium 
hydroxide to a pH of 7, filtered through No. 4 filter paper (Whatman Int., Maidstone, England), and 
diluted with water to 100 mL. The samples were stored at -20°C until further analysis. 
Subcritical Water Reactor. Hydrolysis reactions were conducted in a 100-mL, high-pressure 
reactor made of T316 stainless-steel (Model 4793, Parr Instrument Company, Moline, Illinois, USA), 
outfitted with a 0 to 20.7 MPa pressure gauge, a 20.7 MPa rupture disk, an inlet valve, a dip tube, a 
gas release valve, and a fixed thermocouple. The reactor in Figure 3.1 was heated with a 
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Table 3.1-Combination of factors and levels in a central composite rotatable design to study the 
effect of temperature (x1) and time (x2) on the degree of hydrolysis during low-temperature, 
subcritical water hydrolysis of whey protein isolate.  
 
  
Real factor Coded factor Real levels 
Temperature (oC) x1 150 172 225 278 300 
Time (min) x2 0 3 10 17 20 
 Coded levels -1.414 -1 0 +1 +1.414 
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Table 3.2-Combination of factors and levels in a central composite rotatable design to study the 
effect of temperature (x1) and time (x2) on the degree of hydrolysis during high-temperature, 
subcritical water hydrolysis of whey protein isolate.  
 
  
Real factor Coded factor Real levels 
Temperature (oC) x1 220 235 270 305 320 
Time (min) x2 0 3 10 17 20 
 Coded levels -1.414 -1 0 +1 +1.414 
 Figure 3.1-Bench-top reactor, ceramic heater, and temperature controller 
used to hydrolyze whey protein isolate. Purchased from Parr Instrument 
Company (Moline, Illinois, USA).
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1700-W ceramic-band heater constructed to fit the reactor, and the temperature was controlled 
with a proportional–integral–derivative temperature controller (4836 Controller, CAL Controls, 
Libertyville, Illinois, USA).  
Subcritical Water Reaction. The reactor was filled with 50 mL of a solution of WPI in water 
(60 g L-1). After purging with helium gas injected through the dip tube for 2 min, all valves were 
closed, and the reactor was placed in the electrical heater. The reactor was heated to the 
temperature specified by the experimental design, and the reaction time was initiated the moment 
that temperature was reached. The duration of time that took to reach each operational 
temperature was similar for the varying reaction temperatures because a powerful heater was used 
to heat the reactor. Therefore, the transient heating was not considered. Upon completion of the 
specified time, the reaction was rapidly quenched by submerging the reactor in ice for 5 min, which 
cooled the hydrolyzates to ambient temperatures. The hydrolyzates were removed, centrifuged at 
3400 x g and 4 °C for 30 min, filtered through Whatman No. 4 filter paper, and stored at -20 °C until 
further analysis.  
Degree of Hydrolysis. The DH was determined by derivatizing the hydrolyzates with OPA 
solution and determining the absorbance at 340 nm with a UV-Vis Spectrophotometer (Model UV 
1700, Shimadzu Corporation, Kyoto, Japan) according to the method described by Nielsen and 
others (2001). Serine (100 mg L-1) was the standard used to calculate the DH [Equations 3.2 and 
3.3]. The blank for SWH samples also consisted of water and OPA solution; however, the blank used 
for AH solutions was an aqueous mixture of hydrochloric acid and potassium hydroxide (pH 7) with 
OPA solution. The DH was calculated from Equations 3.2 and 3.3 derived from Adler Nissen (1986), 
as shown in Chapter II (‘Degree of Hydrolysis”, p 24). 
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Peptide Molecular Weight. The MW of the hydrolyzates was characterized by SDS-PAGE as 
described by Laemmli (1970). The analysis consisted of two different gels (one for low-MW peptides 
and one for high-MW peptides). Broad-range MW standards (6,846 to 198,510 Da) were used to 
evaluate the presence of high-MW peptides. The separation was conducted on 16% resolving and 
4% stacking Bis/Acrylamide gels set at 20 mA for 120 min. Gels were stained with Coomassie blue 
for 1 hr and de-stained with a solution of methanol, acetic acid, and water (4:1:5 v/v/v) for 45 min. 
The low-MW peptides were analyzed on ready-made, Tris-Tricine (10 to 20%) gels with MW 
standards ranging from 1,423 to 26,625 Da at 100 V for 100 min. The Tris-Tricine gels were 
immersed in a fixative solution comprised of ethanol, acetic acid, and water (4:1:5 v/v/v) for 30 min, 
stained in Coomassie blue for 1 hr, and de-stained in 10% acetic acid. 
Mass spectrometry of the protein hydrolyzates was conducted by the Statewide Mass 
Spectrometry Facility (University of Arkansas, Arkansas, USA). In summary, de-salted WPI 
hydrolyzates were mixed with a 1 M solution of dihydroxybenzoic acid (DHB) in 90% methanol in a 
1:1 ratio and a 1 μL sample of the mixture was spotted onto a ground, stainless steel MALDI-TOF 
target and analyzed with a Bruker Reflex III MALDI-TOF (Billerica, MA, USA) with a N2 laser set at 
337 nm in a positive ion reflection mode. 
Amino Acid Content. AAs were analyzed by HPLC following derivatization with OPA 
according to the method described by Henderson and others (2000). The Shimadzu HPLC system 
(Shimadzu Corporation, Kyoto, Japan) consisted of binary pumps, auto sampler, column oven, UV-
Vis detector, and degasser. Separations were attained with a reverse-phase Zorbax Eclipse AAA 
column (4.6 x 150 mm) equipped with a 4.6 x 12.5 mm guard column (Agilent, Santa Clara, 
California, USA) and maintained at 40 °C. The injection volume was 10 μL and the analytes were 
separated with a binary gradient consisting of sodium phosphate buffer at pH 7.8 (eluent A) and 
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acetonitrile:methanol:water (45:45:10 v/v/v) (eluent B) at a flow rate of 2 mL min-1. The gradient 
elution consisted of:  0 to 1.9 min at 0% B, 1.9 to 20 min with a linear gradient to 76% B, 20 to 21 
min with a linear gradient to 100% B, 20 to 24 min at 100% B, 24 to 28 min with a linear gradient to 
0% B, and 28 to 30 min at 0% B. Detection was performed at 338 nm. AAs were identified and 
quantified using an AA standard kit.  
Statistical Analysis. Both the CCRD and the CRFD were analyzed using the JMP program 
(SAS Institute Inc., North Carolina, USA) and evaluated by analysis of variance (ANOVA) to 
determine the fit of the model and significance of factors or interactions. For the CCRD, the second-
order polynomial model was applied and the accuracy determined by the coefficient of 
determination (R2) and lack-of-fit using the F-test (p ≤ 0.05). Significance of effects was tested by 
the t-test (p ≤ 0.05). A Response Surface Prediction Equation was also used to determine the best 
conditions for obtaining the highest DH. For the CRFD, the second-order polynomial model was 
applied, and the means separation was determined by Tukey’s significant difference test (p ≤ 0.05).  
C. RESULTS AND DISCUSSION 
1. DEGREE OF HYDROLYSIS 
The greatest dissociation of water likely occurs at 250 °C (Chaplin 2011); therefore, the first 
CCRD (Table 3.1) was focused on a temperature range from 150 to 300 °C (low temperature) in 
order to determine the greatest DH of WPI in this area of the slope. The prediction equation for DH 
as a function of the coded factors was as follows: 
DH = -16.69 + 0.102x1          [3.4] 
The statistical model fit the data (R2 = 0.912), the ANOVA was significant with an F-value of 12.42 (p 
= 0.004), and the lack-of-fit test was not significant (p = 0.984). Temperature was the only 
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significant factor in the model. Because there were no second-order effects and the maximum 
predicted solution was outside of the range of data, it was concluded that the path of steepest 
ascent was not found. The CCRD data range was shifted to cover the area from 220 to 320 °C (high 
temperature). The prediction equation of the DH as a function of the coded factors was as follows: 
DH = 10.66+ 3.13x1+ 1.07x2+ -1.95x1
2+ -1.97x2
2      [3.5] 
The statistical model fit the data (R2 = 0.943), the value of the F-test was 17.5 (p = 0.003), 
and the lack-of-fit test was not significant (p = 0.345). There was no interaction between the 
temperature and time that significantly affected the DH (p = 0.937); however, temperature (p = 
0.012) and time (p = 0.012) exhibited significant second-order effects on the DH (Figure 3.2). The 
actual maximum DH (11.3%) was attained at 305 °C for 17 min (Table 3.3) while the predicted 
maximum DH was 12.1% with SWH at 298 °C for 12 min. Since there was no temperature and time 
interaction effects on DH, which was contrary to the findings of other authors (Kang and others 
2001; Rogalinski and others 2005; Cheng and others 2008; Esteban and others 2008), and since the 
transient heating phase could have confounding effects on the variables, an additional experiment 
was conducted. A 2 x 6 CRFD was used to further investigate the temperature-time interaction 
effect on the DH and validate the predicted maximum DH. 
Given that the 2 x 6 CRFD consisted of only two temperatures and the reaction time was still 
counted from the moment the operational temperature was achieved, by reducing the number of 
temperatures evaluated, the effect of transient heating was of less concern in the CRFD. The CRFD, 
second-order polynomial model fit the data at R2 = 0.861 and the ANOVA for the model as a whole  
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Figure 3.2-Predicted surface response of the degree of hydrolysis following 
subcritical water hydrolysis as affected by temperature and time. The 
modeling equation was generated by the JMP statistics program (SAS 
Institute Inc., North Carolina, USA). 
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Table 3.3-Central composite rotatable design to study the effect of 
temperature (˚C) and time (min) and the resulting degree of hydrolysis 
(DH) (%) obtained during subcritical water hydrolysis of whey protein 
isolate using high temperatures. 
Run  Temperature (x1)
a
  Time (x2)  DH (Y) 
1  305   3   10.1 
2  305   17   11.3 
3  270   10   9.9 
4  235   17   4.9 
5  320   10   10.3 
6  235   3   3.5 
7  270   10   11.7 
8  220   10   1.8 
9  270   0   3.9 
10  270   10   10.4 
11  270   20   8.1 
a
 x1, coded temperature; x2, coded time; Y, response 
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was significant (p = 0.0001). A significant interaction between temperature and time occurred with 
the highest DH (12.3%), which was attained with treatment at 250 °C for 50 min, but this was only 
statistically significant when compared to DH values below 9.0% (Figure 3.3). At 300 °C for 10 min, 
the DH was 10% but, by increasing time to 50 min and decreasing the temperature to 250 ˚C, a 
greater DH (12.3%) was achieved. The maximum DH (12.3%) is comparable to the DH (11.9%) 
obtained with a protease from Bacillus licheniformis; however, the enzymatic process required 2 h 
(Mišún and others 2008) and was labor-intensive requiring continuous pH control and enzyme 
deactivation, while the SWH only required 60 min. 
Using the conventional acid hydrolysis method of 6N hydrochloric acid at 110 °C for 24 h, 
the maximum DH was ~67%. Although this method results in an extremely high DH, it requires 
extensive reaction times (24 h) and environmentally unfriendly, concentrated acids. In addition, the 
acid must be neutralized before disposal, which increases occupational health risks and generates 
additional waste (Fountoulaki and Lahm 1998). 
2. PEPTIDE ANALYSIS  
Gel Electrophoresis. Gel electrophoresis of hydrolyzed samples (with peptides >1.4 kDa) 
and their corresponding DH values are shown in Figures 3.4 and 3.5. WPI freeze-thaw controls and 
WPI controls were included in both gels (lanes 2 and 3, respectively). A freeze-thaw control was 
included to demonstrate that freeze-thaw conditions did not cause degradation of the samples. 
Proteins with MWs greater than 30 kDa were observed in both controls. Two conditions (136 °C for 
10 min and 226 °C for 0 min) were added to the gel electrophoresis analysis (Figure 3.4) to increase 
the range of temperature-time conditions for comparison. Sample treatments with no peptide MWs 
above 1.4 kDa (including the acid treatment with 67% DH) were not included. Hydrolysis with 
temperatures greater than 220 °C (lanes 5 to 9 in Figure 3.4 and lanes 4 to 9 in Figure 3.5) resulted  
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Figure 3.3-Completely randomized factorial design to study the degree of 
hydrolysis following subcritical water hydrolysis at 250 and 300 °C and variable 
treatment times (0 to 50 min). Means with the same letters are not significantly 
different (p ≤ 0.05). 
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Figure 3.4-Tris/Tricine peptide gel of whey protein isolate (WPI) following subcritical 
water hydrolysis using the central composite rotatable design. 
marker; (2) WPI (freeze-thaw control); (3) WPI (control); (4) 136 °C, 10 min; (5) 226 °C 
0 min; (6) 220 °C, 10 min; (7) 235 °C, 3 min; (8) 235 °C, 17 min; and (9) 270 °C, 0 min. 
b
The degree of hydrolysis. 
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Figure 3.5-Tris/Tricine peptide gel of whey protein isolate (WPI) following subcritical 
water hydrolysis using the completely randomized factorial design. 
Molecular marker; (2) WPI (freeze
(5) 250 °C, 10 min; (6) 250 °C, 15 min; (7) 250 °C, 20 min; (8) 250 °C, 30 min; and (9) 300 
°C, 0min. 
 b
The degree of hydrolysis.
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in peptides with MWs less than 6 kDa. Overall, as the sample’s DH increased, there was a decrease 
in peptide MW. One exception was the WPI sample with 2.5% DH (from treatment at 136 °C for 10 
min) with higher MW peptides than the WPI sample with 1.8% DH (from treatment at 226 °C for 0 
min). This discrepancy was likely due to differences in pH that can affect the assay used for the 
determination of DH. The pH of the WPI with 1.8% DH was 8.5, while the pH of the WPI with 2.5% 
DH was 7.2. The interaction of OPA with primary amines produces fluorescence for the 
determination of DH, and when a protein has been excessively heated or is in an alkaline 
environment, the ε-position of lysine becomes unavailable for OPA, which results in decreased 
fluorescence and a lower reported DH (Goodno and others 1981). 
Mass Spectrometry. Analysis of lower MW peptides (< 1.4 kDa) in the WPI hydrolyzates 
(from the CRFD) was conducted by MALDI-TOF. The spectra of the WPI control (A), WPI following 
AH (B), WPI following SWH at 250 °C for 30 min (C), and WPI following SWH at 300 °C for 30 min (D) 
are shown in Figure 3.6. There were no standards included in the analysis; therefore, the discussion 
is limited to the presence or absence of peaks in certain MW ranges. Generally, as the temperature 
and time of SWH increased, the amount of peaks decreased in the higher MW ranges (≥ 1.4 kDa) 
and increased in the lower MW ranges (0.5 to 0.8 kDa). The peptides in the WPI control ranged 
from 0.5 kDa to more than 1.6 kDa. Following SWH for 0 min at 250 °C, the majority of the peaks 
remaining were less than 1.4 kDa (Figure 3.6). Similar MW distributions were observed (not shown) 
for SWH treatments at 250 °C for 10 and 20 min (7.3 and 8.2% DH, respectively) with the majority of 
peptides less than 1 kDa. 
Most of the peptides present in samples treated at 250 °C for 30 min (10.9% DH) were < 0.9 
kDa while most of the peptides in samples treated for 40 min and 50 min (~12% DH) were < 0.85  
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Figure 3.6-MALDI-TOF mass spectrum of:  (a) a whey protein isolate (WPI) control, (b) WPI following acid hydrolysis (AH), (c) WPI 
following subcritical water hydrolysis (SWH) at 250 °C for 30 min, and (d) WPI following SWH at 300 °C for 30 min. 
a b 
d c 
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kDa. Similar observations were made by Li-jun and others (2008) when using an alkaline endo-
peptidase to hydrolyze whey at 50 °C for 3 hr. The DH of the hydrolyzed whey was 19.3% and the 
peptides ranged from 0.3 to 1.3 kDa. Following SWH at 300 °C, the majority of the peptides were 
less than 0.7 kDa. The majority of the peaks following treatment at 300 °C for 0 min (8.4% DH) 
ranged from 0.5 to 0.7 kDa and, as temperature and time increased, the distribution of the peaks 
changed so that a greater number of peptides was observed between the 0.5 and 0.6 kDa range. 
There was, however, a significant decrease in the number of peaks in this range (0.5 to 0.6 kDa) that 
occurred following treatment for 50 min (11.4% DH). It is likely that after treatment at 300 °C for 50 
min the peptides may be too small (< 0.5 kDa) to be observable on these spectra. AH (67% DH) 
generated very few peptides greater than 0.7 kDa and numerous peptides around 0.5 kDa. In 
summary, the samples hydrolyzed at 250 °C with a DH of 10% or greater were primarily comprised 
of peptides less than 0.85 kDa; thus, as expected, the greater the DH, the more extensive the 
hydrolysis of the peptides resulting in lower MW peptides. However, the samples hydrolyzed at 300 
°C were primarily comprised of peptides less than 0.7 kDa (despite differences in the DH) likely due 
to more extensive hydrolysis at higher temperatures.  
3. AMINO ACID CONTENT  
The AA contents of CRFD samples fit the second-order polynomial model with an R2 = 0.988 
and, according to the F-test, the fit of the model as a whole was significant (p < 0.0001). There was 
a significant interaction between AAs (alanine, arginine, aspartic acid, glycine, histidine, isoleucine, 
leucine, methionine/valine, phenylalanine, serine, and tryptophan), temperature, and time (p < 
0.0001) following SWH. There was baseline separation of all AAs except methionine and valine, 
which co-eluted at 14.6 min. Also, erratic disappearance of the cystine/cysteine peak occurred from 
sample to sample, which according to Spellman and others (2003), can be the result of an unstable  
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reaction between cystine or cysteine and OPA that would generate large variability within sample 
replications.  
Table 3.4 includes content of AAs of samples following SWH and AH as well as the maximum 
AA content of the WPI as reported by the WPI manufacturer (Davisco Foods, Inc., BiPro, Minnesota, 
USA). The greatest amount of total AAs produced by SWH was approximately 57.4 mg g-1 WPI (with 
treatment at 300 °C for 40 min), which was much less than that achieved with AH (653.3 mg g-1 
WPI). The production (release of AAs from peptides) and destruction (breakdown of AAs into 
degradation products) of individual AAs differed greatly depending on the temperatures and 
reaction times of SWH (Table 3.4), which has also been observed by others (Yoshida and Tavakoli 
2004; Rogalinski and others 2005). For example, less than 500 µg of arginine, glutamic acid, 
histidine, serine, and threonine were generated by SWH although, according to the manufacturer, 
there was more than 10 mg g-1 WPI of each of the AAs present in the native WPI (Davisco Foods 
2011). High concentrations of aspartic acid, glutamic acid, leucine, and lysine were expected based 
on the values provided by Davisco (2011); however, alanine, glycine, leucine, and lysine were 
present in the highest concentrations following SWH. The very low concentrations of aspartic and 
glutamic acids observed may be due to their lability at high temperatures (Abdelmoez and others 
2007). In general, SWH treatment at 250 °C resulted in the highest concentrations of most AAs with 
two exceptions (lysine and tryptophan) that were produced in greater amounts at 300 °C.  
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Table 3.4-Comparing amino acid concentration (mg g
-1
 WPI) after subcritical water hydrolysis (SWH) with the temperatures and 
treatment times from the completely randomized factorial design to acid hydrolysis (AH) and the reported manufacturer’s values (MV). 
 
aValues provided by the manufacturer with unknown methods and bTreatment time (in minutes). 
a-eTotal amino acid concentrations followed by the same letter within the same row are not significantly different (p ≤ 0.05). 
Amino Acid SWH   250 °C  SWH   300 °C    
 0* 10 20 30 40 50  0 10 20 30 40 50  AH MV
a
 
Alanine 5.7b 11.5a 11.9a 12.3a 14.6a 13.8a 1.6c 1.1c 1.4c 1.2c 1.0c 1.0c 39.6 41.0 
Arginine 0.3a 0.2ab 0c 0c 0c 0a-c 0.0c 0.0c 0.0bc 0.1bc 0.1c 0.0c 24.2 23.0 
Aspartic acid 2.1a 1.4b 0.8c 0.6d 0.6d 0.4d 0.1e 0.1e 0.0e 0.1e 0.1e 0.1e 98.6 100.0 
Glutamic acid 0.2a 0.3a 0.3a 0.3a 0.5a 0.3a 0.3a 0.4a 0.4a 0.3a 0.3a 0.3a 147.8 150.0 
Glycine 3.2cd 8.4a-c 10.1ab 11.7a 6.1a-d 3.0b-d 1.9cd 1.6d 1.9cd 1.3d 1.1d 1.1d 19.5 14.0 
Histidine 0.1b 0.1ab 0.1 ab 0.1ab 0b 0b 0.1a 0.1ab 0.1ab 0.1ab 0.1ab 0.1ab 14.0 18.0 
Isoleucine 6.1b 8.0a 6.3b 5.9b 0.9c 0.9c 0.8c 0.6c 0.7c 0.7c 0.6c 0.4c 42.3 50.0 
Leucine 3.4b 7.8a 8.2a 8.2a 0.2c 0.2c 1.4c 1.2c 1.3c 1.0c 0.9c 0.7c 116.9 109.0 
Lysine 2.6a 2.7a 2.9a 3.2a 15.7a 13.7a 20.8a 25.9a 38.3a 40.3a 45.9a 40.6a 42.6 100.0 
Methionine/Valine 3.8b 5.8a 6.2a 5.9a 1.1c 0.9c 0.7c 0.5c 0.9c 1.4c 1.4c 0.9c 39.4 73.0 
Phenylalanine 1.6bc 2.3ab 2.4ab 2.3ab 3.0a 2.8a 0.9cd 0.8cd 1.0cd 0.8cd 0.8cd 0.4d 22.1 32.0 
Serine 0.5a 0.3b 0.2c 0.2c 0.0d 0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d 19.9 27.0 
Threonine 0.1a 0.1a 0.2a 0.2a 0.1a 0.1a 0.1a 0.1a 0.1a 0.1a 0.1a 0.1a 0.0 41.0 
Tryptophan 1.6b-e 2.0b-d 1.9b-d 1.9b-e 0.5e 0.4de 1.2c-e 1.2c-e 2.5bc 4.4a 4.7a 3.0b 7.4 27.0 
Tyrosine 0.8a 1.7a 1.8a 1.7a 2.4a 2.6a 0.2a 0.1a 0.3a 1.2a 0.2a 0.1a 19.3 32.0 
Total  32.1cd 52.4ab 53.2ab 54.3ab 45.9a-d 39.0b-d 30.0d 33.7cd 48.8a-d 52.8ab 57.3a 48.7a-c 653.2 837.0 
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Yoshida and others (1999) also found AA yields to be the greatest at a similar temperature (~265 °C) 
during SWH hydrolysis of fish trimmings.  
Concentrations of arginine, aspartic acid, and serine decreased as SWH treatment time 
increased at 250 °C. It has been observed that serine can degrade to form glycine along with other 
products (Andersson and Holm 2000), which may explain the sharp decrease in the concentration of 
serine and increase in the concentration of glycine during treatment from 0 to 30 min. 
Similarly, Abdelmoez and others (2007) found that the concentration of aspartic acid 
decreased over time and that arginine, aspartic acid, glutamic acid, and threonine were sensitive to 
temperatures around 230 °C during SWH. Even though aspartic acid was present in large quantities 
in WPI, these findings may explain the decreased concentrations of aspartic acid over time as well 
as the low concentrations of threonine and arginine (< 500 µg) in the samples after hydrolysis at 
250 °C. The concentration of lysine was the highest (45.91 mg g-1 WPI) of all the AAs with SWH at 
300 °C for 40 min. Sato and others (2004) demonstrated similar results and explained that 
hydrophobic AAs, like lysine, had lower decomposition rates than hydrophilic ones at high 
temperatures. Additionally, lysine has the lowest activation energy of decomposition during SWH, 
according to Abdelmoez and others (2007). Furthermore, the lysine and threonine concentrations 
were higher following SWH than AH, although AH produced the highest concentrations of all other 
AAs. According to Gehrke and others (1985), threonine is partially destroyed by AH, and lysine 
bonds may require higher temperatures to completely hydrolyze. Perhaps, SWH may be an 
alternative to AH for applications requiring threonine and lysine. 
D. CONCLUSIONS  
SWH hydrolyzed WPI up to 12% DH with minimal time (< 60 min), while eliminating the 
need for harmful chemicals and expensive enzymes. The DH and AA composition were significantly 
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affected by the treatment temperature and time of SWH; thus, hydrolysis may easily be controlled 
and optimized for specific purposes. Furthermore, with a DH > 10%, there was an accumulation of 
low-MW peptides (< 1.0 kDa) with definite patterns in peptide and AA production or destruction. 
Due to the ease of controlling treatment conditions, SWH holds promise for meeting the needs of 
the consumer, especially for particular compositions and concentrations of AAs.  
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IV. EFFECT OF ADDITIVES ON SUBCRITICAL WATER HYDROLYSIS OF WHEY PROTEIN ISOLATE  
A. INTRODUCTION 
Subcritical water hydrolysis (SWH) is an alternative to traditional acid/base hydrolysis, and 
enzymatic methods (when the cleavage sites are unimportant). During SWH, water is maintained in 
the subcritical state (King 2000). As the temperature and pressure approach the critical point, the 
dissociation of water increases, which increases its potential to act as an acid- or base-like catalyst.  
In order to reach the subcritical area of water, high temperatures and pressures are 
required; therefore, SWH could be costly due to the high energy requirements. The incorporation of 
additives may facilitate the catalytic reactions of SWH by decreasing the required temperature 
and/or time of the reaction. Additives may also improve SWH yields by increasing the DH, 
enhancing the production of AAs, and altering the MW distributions. For example, the inclusion of 
nitrogen and carbon dioxide as modifiers has successfully increased AA yields during the hydrolysis 
of fish waste and biomass (Cheng and others 2008, Xian and others 2008). Carbon dioxide alone has 
also increased hydrolysis rates by promoting acid-catalyzed hydrolysis (Alemán and others 1999, 
Hunter and Savage 2004, Rogalinski and others 2005, Zhong and Jin 2008). Degradation products of 
AAs, such as ammonia, formic acid, acetic acid, and fatty acids, have been explored as potential 
additives and they have successfully increased AA yields during SWH (Katritzky and others 1996). 
Other additives that have been used to accelerate SWH reactions of silk fibroin include sodium 
hydroxide, strong acids (sulfuric acid and hydrochloric acid), and sodium chloride (Kang and Chun 
2004b). To explore the catalytic contribution of additives during SWH, an abundant by-product from 
the food industry was chosen that (to date) has not been hydrolyzed by SWH technology. 
Approximately 145 million tons of whey, the liquid by-product of cheese manufacturing, is 
generated annually with half the effluent disposed as surface water (Güven and others 2008). Since 
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whey is comprised of approximately 13% proteins (dry basis) (Nakai and Modler 2000), it has 
intrinsic nutritional and functional value (Smithers 2008). Furthermore, hydrolyzed whey protein 
has numerous potential applications because hydrolysis improves heat stability, reduces 
allergenicity, enhances digestibility, and liberates bioactive peptides (Blenford 1994, Frøkjaer 1994, 
Korhonen and Pihlanto 2003, Phelan and others 2009). Additives may potentially improve the SWH 
of whey protein by decreasing the energy and time required to produce whey protein hydrolyzates. 
It may be possible to improve SWH of WPI with additives but many of the potential 
additives have not been explored. The goals of this study were:  (1) to investigate the effect of 
several additives (acetic acid, lactic acid, sodium bicarbonate, sodium chloride, and sodium 
hydroxide) on the DH of WPI using SWH; (2) to determine the most influential factors (additive, 
temperature, and time) on the DH; and (3) to optimize additive concentration to generate the 
highest predicted DH, lowest MW peptides, and greatest concentration of AAs.  
B. MATERIALS AND METHODS 
1. MATERIALS  
WPI (with 90% protein content) was obtained from Davisco Foods, Inc. (Eden Prairie, 
Minnesota, USA). Acetonitrile, hydrochloric acid, and methanol were purchased from VWR (Radnor, 
Pennsylvania, USA). AA standard kits, MW standard kits, ortho-phthaldialdehyde (OPA) (97% 
purity), acetic acid (97.7%), disodium phosphate (99%), lactic acid (90%), sodium bicarbonate 
(100%), sodium chloride (99.5%), and sodium hydroxide (5.4 N) were purchased from Sigma-Aldrich 
(St. Louis, Missouri, USA). All solutions were prepared with de-ionized water, and the mobile phases 
were prepared with HPLC-grade water. The OPA-derivatizing solution was prepared fresh daily 
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according to the method presented by Nielsen and others (2001) and used for spectrophotometric 
and HPLC analyses. 
2. METHODS 
Experimental Designs. Two experimental designs were used in this research. The first one, a 
custom 23 factorial screening design, was used to determine whether the factors, additive, 
temperature, and reaction time, influenced the DH of WPI and to identify the approximate range of 
optimum response (Table 4.1). The response of the screening design (DH) was fit to a linear 
equation [Equation 4.1] as a function of the factors:  additives (x1i), temperature (x2) and time (x3). 
The “i” represents the different additives used:  acetic acid (x1a), lactic acid (x1b), sodium 
bicarbonate (x1c), sodium chloride (x1d), sodium hydroxide (x1e), and water as the control, (x1f). The 
“0” represents the intercept and “ij” represents the coefficients for the linear, interaction, and 
quadratic terms. 
    	  

    
	
  	  

    [4.1] 
The most influential factors were used as the parameters in a second experimental design, a central 
composite rotatable design (CCRD), to determine the conditions that created the highest predicted 
DH of WPI. The CCRD and its coded levels are shown in Table 4.2. Experimental runs were randomly 
conducted.  
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Table 4.1-Combination of factors and levels in a custom 2
3
 factorial screening design 
to study the effect of additive (x1i), temperature (x2) and time (x3) on the degree of 
hydrolysis during subcritical water hydrolysis of whey protein isolate.  
Real factor  Coded factor  Real levels Coded levels 
Additives 
 
x1i 
 Acetic acid a 
  Lactic acid b 
  Sodium bicarbonate c 
  Sodium chloride d 
  Sodium hydroxide e 
  Water f 
Temperature (oC) 
 
x2 
 166 -1.682 
  200 -1 
  250 0 
  300 +1 
  334 +1.682 
Time (min) 
 
x3 
 0 -1.682 
  12 -1 
  30 0 
  48 +1 
  60 +1.682 
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The DH response obtained with the CCRD was fit to a quadratic equation [Equation 4.2] as a 
function of the codified factors:  additive concentration (x1i), temperature (x2), and time (x3). 
    	  

    
	
  	  

  	

  




  

 [4.2] 
“DH” represents the response, “β0” represents the intercept, and “βij” represents the coefficients 
for the linear, interaction, and quadratic terms. 
Statistical Analysis. The screening design and the CCRD were analyzed using the JMP 
program (SAS Institute Inc., North Carolina, USA) and evaluated using analysis of variance (ANOVA) 
to determine the fit of the model and significance of factors and interactions. For the screening 
design and for the CCRD, a first-order polynomial and a second-order polynomial model, 
respectively, were applied and the accuracy determined by the significance of the F-test (p < 0.05), 
lack-of-fit test (p > 0.05), and the coefficient of determination (R2). In addition, for the CCRD, a 
Response Surface Prediction Equation was used to determine the best conditions for obtaining the 
highest DH.  
Subcritical Water Hydrolysis. The reactor and its operation were described previously in 
Chapter III:  “Subcritical Water Reactor” and Reaction, p. 30, 34). The methods for analyzing DH and 
AA were also described previously in Chapter III:  ”Degree of Hydrolysis”, p. 34 and Chapter III:  
“Amino Acid Content”, p. 35. 
Additives. Sample solutions (of acetic acid, lactic acid, sodium bicarbonate, or sodium 
chloride) were prepared daily at a concentration of 0.6 M in a WPI solution (100 g WPI per L of 
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Table 4.2-Combination of factors and levels in a central composite rotatable design to study 
the effect of sodium bicarbonate concentration (x1c), temperature (x2), and time (x3) on the 
degree of hydrolysis during subcritical water hydrolysis of whey protein isolate.  
 
Real factor  Coded factor  Real levels 
Concentration (M)  x1i  0.05 0.27 0.61 0.95 1.18 
Temperature (oC)  x2  166 200 250 300 334 
Time (min)  x3  0 12 30 48 60 
     Coded levels  
    -1.682 -1 0 +1 +1.682 
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water) for the screening design. The concentration of sodium hydroxide was only 0.014 M to avoid 
hydrolysis before SWH. The concentration of sodium hydroxide was determined by a preliminary 
study that is explained below (“Degree of Hydrolysis”, pp. 35). The control consisted of 100 g WPI in 
1 L of water. Solutions were individually stirred for 30 min before use. 
Peptide Molecular Weight. The MWs of the hydrolyzates greater than 2 kDa were 
determined by HP-SEC. After filtration through 0.45 μm corning syringe filters (Sigma-Aldrich, St 
Louis, MO, USA), 200 μl of each hydrolyzed sample was mixed with 600 μl of 0.2 M disodium 
phosphate buffer solution at pH 7, and a 5 μl aliquot was injected into the liquid chromatograph. 
The separation was performed with a 9.4 mm ID x 25 cm Zorbax GF-250 column (Agilent, Santa 
Clara, California, USA) at a flow rate of 1.0 mL min-1 with detection at 214 nm (Nchienzia and others 
2010). The MW standards used to generate a calibration curve were albumin (66 kDa), carbonic 
anhydrase (29 kDa), cytochrome c (12.4 kDa) and aprotinin (6.5 kDa). 
MWs below 2 kDa were measured by MALDI-TOF-MS at the Statewide Mass Spectrometry 
Facility (University of Arkansas, Arkansas, USA) as described previously in Chapter III:  “Peptide 
Molecular Weight”, p. 34-35. 
C. RESULTS AND DISCUSSION 
1. DEGREE OF HYDROLYSIS  
The custom 23 screening design was conducted to find the most influential factors and 
region of highest response for the DH of WPI. According to the ANOVA, the F-ratio (3.03) was 
significant with a p < 0.05, indicating that the first-order model was a good fit for the responses, and 
85% of the variance could be explained by the model. The lack-of-fit test was significant (p = 
0.0002), which indicated either an omission of higher order effects or the need for exact replication 
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of factor combinations in the model. Out of all the additives, only sodium bicarbonate had a 
significant effect on the DH. There was a positive interaction between sodium bicarbonate (x1c) and 
temperature (x2), and both temperature and time (x3) had a positive effect on the DH [Equation 
4.3]. The linear prediction equation from the screening design data is as follows: 
  11.9  17.1  4.3
  3.0  5.2
      [4.3] 
Unlike the other additives, sodium bicarbonate (x1c) had a positive effect on the DH at all the 
conditions evaluated, with the highest DH or region of highest response at 250 ˚C for 30 min (Table 
4.3); thus, sodium bicarbonate was the additive selected for the CCRD experiment.  
A preliminary evaluation of WPI with sodium hydroxide (xe) at 0.014, 0.034, and 0.25 M 
generated pH values of 8.3, 12.1, and 13.4, respectively. Although treatment with 0.25 M generated 
the highest DH, the high pH could potentially hydrolyze proteins prior to treatment (Fountoulaki 
and Lahm 1998); therefore, the lowest concentration (0.014 M) was chosen for the hydrolysis 
reactions, which resulted in an insignificant increase in the DH. The addition of lactic acid (xb) and 
sodium chloride (xd) also increased the DH, but they did not significantly affect the DH over all 
treatment conditions. Kang and Chun (2004b) improved the AA production during SWH of silk fibrin 
using sodium chloride, but it was not significant when compared to water. In this study, the 
addition of acetic acid (x1a), in contrast, reduced the DH compared to water alone. The reaction of 
OPA with primary amines produces fluorescence for the determination of DH and the optimum pH 
for OPA interaction with amines is 9 to 10; therefore, complete derivatization may have been 
prevented by the addition of the acetic acid due to the low pH (~4) (Švedas and others 1980). The 
pH values of all the samples with the different additives and various conditions are presented in 
Table 4.3. Negative DH values may be attributed to the unavailability of lysine’s ε-amine group to 
interact with OPA. Heat treatment of the standards may reduce the number of available ε-amine 
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groups, and the negative values would occur when the DH of standards is subtracted from the DH 
of samples according to Nielsen and others (2001). In addition, Maillard reaction products 
(background color) may interfere with the measurement.  
The CCRD experimental data was fit to a quadratic equation [Equation 4.4] with a significant 
(p < 0.05) F-Test (27.3) and 93% of the variation could be explained by the model. The lack-of-fit 
was significant (p = 0.0001) indicating that higher order effects may be missing. The quadratic 
prediction equation from the CCRD with sodium bicarbonate concentration (x1c), temperature (x2), 
and time (x3) as the independent variables is shown below: 
  37.7  9.2  8.2
  2.1  2.6

  5.4


  3.0

      [4.4] 
The concentration of sodium bicarbonate, reaction temperature, and reaction time 
exhibited significant first- and second-order effects on the DH. With the addition of 1.18 M sodium 
bicarbonate and treatment at 250 °C for 30 min, the DH was 49%, which was significantly greater 
than the DH (12.3%) observed without the additive under the same conditions (Chapter III:  “Degree 
of Hydrolysis”, p. 34). Kang and Chun (2004b) also observed a four-fold increase in hydrolysis when 
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Table 4.3-Custom screening design (2
3
) with a replicate at the design center describing the 
factors, additive (x1i), temperature (x2), and time (x3), and their effects on the degree of 
hydrolysis (DH) and pH during subcritical water hydrolysis of whey protein isolate. 
Run Additive
a
 Temp. (
o
C) Time (min) x1i x2 x3 DH (%) pH 
6  200 0 a -1 -1 -1.5 3.8 
8  200 60 a -1 +1 5.0 3.4 
14 Acetic Acid 250 30 a 0 0 6.0 4.4 
16  250 30 a 0 0 6.6 4.5 
17  300 0 a +1 -1 3.7 4.4 
5  300 60 a +1 +1 4.2 5.1 
31  200 0 b -1 -1 1.3 3.6 
21  200 60 b -1 +1 11.6 4.2 
26 Lactic Acid 250 30 b 0 0 15.1 7.2 
35  250 30 b 0 0 13.4 5.9 
24  300 0 b +1 -1 9.7 6.1 
23  300 60 b +1 +1 16.1 9.2 
15  200 0 c -1 -1 8.8 9.9 
3  200 60 c -1 +1 22.6 9.7 
1 Sodium 250 30 c 0 0 34.4 9.9 
11 Bicarbonate 250 30 c 0 0 39.1 9.8 
7  300 0 c +1 -1 36.6 9.9 
13  300 60 c +1 +1 32.9 9.7 
36  200 0 d -1 -1 -3.7 6.4 
32  200 60 d -1 +1 7.6 8.7 
28 Sodium 250 30 d 0 0 19.4 9.3 
29 Chloride 250 30 d 0 0 18.0 9.2 
25  300 0 d +1 -1 9.2 9.4 
34  300 60 d +1 +1 14.3 9.6 
19  200 0 e -1 -1 -0.3 7.6 
33  200 60 e -1 +1 4.1 8.9 
27 Sodium 250 30 e 0 0 13.7 9.4 
30 Hydroxide 250 30 e 0 0 14.1 9.5 
22  300 0 e +1 -1 6.8 9.6 
20  300 60 e +1 +1 12.8 9.6 
18  200 0 f -1 -1 -0.3 7.1 
9  200 60 f -1 +1 6.1 8.9 
2 Water 250 30 f 0 0 11.3 9.6 
10  250 30 f 0 0 13.2 9.7 
4  300 0 f +1 -1 6.9 9.7 
12  300 60 f +1 +1 12.0 9.3 
           aFinal additive concentration:  0.6 M (except sodium hydroxide at 0.014 M).  
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adding sodium hydroxide to SWH using 250 °C for approximately 30 min. The predictive model 
(Figure 4.1) indicated a 50% DH could be attained with the addition of 1.24 M sodium bicarbonate 
and treatment at 291 °C for 28 min. Interestingly, the predictive model and second-order effects 
suggest that conditions beyond 1.24 M sodium bicarbonate, 291 °C, and 28 min may promote 
degradation of peptides and AAs.  
2. PEPTIDE ANALYSIS  
High-Performance, Size-Exclusion Chromatography. As treatment temperature and time 
increased, there was a decrease in the areas of early eluting peaks (larger MW peptides) and an 
increase in the areas of later-eluting peaks (smaller MW peptides) during HP-SEC analysis. However, 
there was a loss of all peptides when treatment temperature and time were greater than 300 °C 
and 48 min, respectively. Figures 4.2, 4.3, and 4.4 demonstrate the effect of temperature, reaction 
time, and sodium bicarbonate concentration, respectively, on peptide MWs. For discussion 
purposes, only the peaks eluting at approximately 13.1 min (MW = ~16.2 kDa) and 16.4 min (MW = 
~5.2 kDa) will be presented. To demonstrate the effect of temperature, sodium bicarbonate 
concentration and treatment time were held constant (Figure 4.2). As treatment temperature 
increased from 166 to 250 °C, the concentration of peptides with MWs around 16.2 and 5.2 kDa 
increased; however, when treatment temperature increased from 250 to 334 °C, the concentration 
of peptides of both MWs decreased. The production and subsequent decomposition of proteins 
with increasing treatment temperature and time during SWH was also observed with hydrolysis of 
yeast cells (Lamoolphak and others 2008). Reaction time patterns also show a second-order effect 
on hydrolysis at 300°C, but not at 200 °C (Figure 4.3).  
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Figure 4.1-Predicted surface response of the degree of hydrolysis following 
subcritical water hydrolysis of whey protein isolate as affected by sodium 
bicarbonate concentration and temperature with a reaction time of 28 min. 
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Figure 4.2-High-performance, size-exclusion chromatogram of whey protein isolate 
hydrolyzed by subcritical water with 0.6 M sodium bicarbonate for 30 min at 
different temperatures. Vertical lines indicate molecular weight markers. 
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Figure 4.3-High-performance, size-exclusion chromatogram of whey protein isolate 
hydrolyzed by subcritical water with 0.95 M sodium bicarbonate at different 
temperatures and for different durations. Vertical lines indicate molecular weight 
markers. 
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Figure 4.4- High-performance, size-exclusion chromatogram of whey protein 
isolate hydrolyzed by subcritical water with 0.27 or 0.95 M sodium bicarbonate 
at different temperatures and for different durations. Vertical lines indicate 
molecular weight markers. 
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As sodium bicarbonate concentration increased (Figure 4.4), the 16.2 and 5.2 kDa peptide 
concentrations increased as well, which would be indicative of a positive effect of the additive on 
hydrolysis at 250 °C for 30 min. 
Also, when comparing SWH without additives to SWH with additives, a sodium bicarbonate 
concentration of 0.05, 0.6, and 1.18 M increased the concentrations of the 16.2 kDa peptide by 
almost two-, seven-, and eight-fold, respectively. The increase in the concentration of the 16.2 kDa 
peptide was most evident at low to medium temperatures and times, but at high temperatures and 
long reaction times, the effect of the additive diminished (Figure 4.4). Rogalinski and others (2005) 
also observed that additive influence decreases with increasing temperature when monitoring AA 
yield from SWH of bovine serum albumin using carbon dioxide.  
Mass Spectrometry. WPI peptides (< 3.0 kDa) hydrolyzed by SWH with sodium bicarbonate 
were also analyzed by MALDI-TOF; however, the discussion is limited to the presence of peaks in 
certain MW ranges due to the lack of a standard. Generally, as sodium bicarbonate concentration, 
temperature, and time of SWH increased, the amount of peaks decreased in the higher MW ranges 
(≥ 1.0 kDa) and increased in the lower MW ranges (0.3 to 0.9 kDa). Changes in treatment 
temperature appeared to have the greatest effect on MW. With a constant concentration (0.6 M) 
and time (30 min), the majority of the peaks were less than 2.5, 0.9 and 0.4 kDa at treatment 
temperatures of 166, 250, and 334 °C, respectively. With constant concentration (0.6 M) and 
temperature (250 °C), the majority of the peaks were less than 1.8, 0.9, and 0.5 kDa at reaction 
times of 0, 30, and 60 min, respectively. In contrast, there was no observable pattern with changes 
in additive concentration when temperature and time were held constant.  
The importance of peptide MW lies in the specific application for which it is produced. For 
incorporation into food, there are many factors to consider, such as allergenicity, bitterness, 
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digestive ease, and functionality. Hydrolyzates with peptide MWs from 0.5 to 1.0 kDa possessed 
fewer bitter peptides, prevented allergies, and improved digestibility (Gonzalez-Tello and others 
1994); SWH can, at 250 °C for 30 min, generate a significant number of hydrolyzates within this 
range (near 0.9 kDa). Additionally, Severin and Xia (2006) demonstrated that the solubility of 
protein samples increased with decreasing MW; however, foaming and emulsifying properties 
decreased at lower MWs. Based on the MALDI-TOF data, there is potential to generate lower MW 
peptides with relative specificity by SWH with sodium bicarbonate which may prove valuable for 
hydrolyzing WPI for specific applications. 
3. AMINO ACID CONTENT  
The total AA content of the CCRD data fit a second-order polynomial model [Equation 4.5] 
with a significant (p < 0.05) F-test (4.34) and 65% of the variance could be explained by the model. 
The lack-of-fit test was significant (p = 0.0001) indicating that some higher order effects may be left 
out. There was a significant interaction between temperature and time, and there were second-
order effects of sodium bicarbonate concentration (x1c), temperature (x2), and time (x3). 
  34.1  35.6  0.08
  0.09  87.3

  0.005


  0.03

  0.013
  [4.5] 
The treatment condition that generated the greatest concentration of total AAs (70.9 mg g-1 WPI) 
was 250 °C for 30 min with 1.81 M sodium bicarbonate. At 250 °C for 30 min with water alone, the 
highest production of total AAs was 54.3 mg g-1 WPI (Chapter III:  “Amino Acid Content”, p. 35). The 
predicted maximum AA content for this design was 83.0 mg g-1 WPI using 0.83 M sodium 
bicarbonate at 264 °C for 29 min. Yoshida and others (1999) also found the greatest AA yields at 
~265 °C during SWH of fish trimmings. 
Since the AAs respond differently to each reaction temperature and reaction time (Sato and 
others 2004) and possibly to the different additive concentrations, the low R2 value (0.65) may be 
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due to the inability to incorporate the effect of different conditions on individual AAs into the 
predictive equation (Abdelmoez and others 2007). By analyzing the effects of sodium bicarbonate 
concentration, temperature, and time on the concentration of each AA, the R2 value increased (> 
0.8) and the F-tests were significant for alanine, glycine, histidine, isoleucine, leucine, lysine, 
methionine/valine, phenylalanine, serine, threonine, tryptophan, and tyrosine. Only alanine, 
glycine, and serine had a non-significant lack-of-fit test. Table 4.4 displays the conditions that would 
produce the maximum predicted concentration of each of the AAs. HPLC analysis following OPA 
derivatization resulted in a baseline separation of all AAs except methionine and valine, which co-
eluted at 14.6 min. Proline and cystine/cysteine peaks were not analyzed because, according to 
Spellman and others (2003), unstable reactions may occur between these AAs and OPA that would 
generate large variability within sample replications. 
Each AA was affected differently by the factors or factor interactions. For example, the 
interaction of sodium bicarbonate concentration and temperature positively affected arginine and 
histidine, while the interaction of temperature and time negatively affected alanine, glycine, 
isoleucine, leucine, methionine/valine, phenylalanine, tryptophan, and tyrosine. Sodium 
bicarbonate alone positively affected glutamic acid, glycine, isoleucine, methionine/valine, 
phenylalanine, serine, tryptophan, and tyrosine. When compared with water alone, described 
previously (“Amino Acid Content”, Chapter III, pp. 47). , alanine, aspartic acid, glutamic acid, 
histidine, leucine, phenylalanine, serine, threonine, and tyrosine concentrations also increased in 
the presence of sodium bicarbonate. An increase in AA production by SWH with additives was also 
observed by Kang and Chun (2004b). The authors postulated that extreme acidity and alkalinity 
during SWH of proteins may increase AA yields.  
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Table 4.4-The predicted conditions (sodium bicarbonate concentration, temperature, and time) of subcritical 
water hydrolysis of whey protein isolate for obtaining the maximum concentration of amino acids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Conditions 
Amino Acids  Total (mg g
-1 WPI)  Concentration (M)  Temperature (°C)  Time (min) 
Alanine  14.9 ± 2.2  0.79  244  36 
Arginine  0.11 ± 0.07  0.05  170  1 
Aspartic acid  7.83 ± 4.3  1.18  166  0 
Glutamic acid  2.54 ± 1.1  1.18  160  0 
Glycine  7.52 ± 0.87  0.88  254  31 
Histidine  0.33 ± 0.10  0.25  175  0 
Isoleucine  5.29 ± 1.81  1.18  202  60 
Leucine  17.20 ± 2.55  1.86  242  34 
Lysine  21.3 ± 3.29  0.05  334  60 
Methionine/Valine  5.68 ± 1.31  1.18  238  51 
Phenylalanine  11.39 ± 2.75  1.04  223  54 
Serine  1.21 ± 0.19  0.78  225  35 
Threonine  1.16 ± 0.18  0.71  231  32 
Tryptophan  3.11 ± 0.44  1.00  242  36 
Tyrosine  6.23 ± 1.15  1.30  237  42 
 
7
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Temperature had a second-order effect on all AAs, except lysine. The greatest 
concentrations of arginine, aspartic acid, glutamic acid, histidine, isoleucine, and phenylalanine 
were produced when the treatment temperature was below 200 °C. In contrast the greatest 
concentrations of alanine, glycine, leucine, methionine/valine, serine, threonine, tryptophan, and 
tyrosine were produced when the treatment temperatures were 200 to 250 °C. Abdelmoez and 
others (2007) also found that the arginine, aspartic acid, glutamic acid, and threonine were 
sensitive to temperatures around 230 °C during SWH.  
Lysine was an exception to the other AAs since the concentration of lysine increased with 
higher temperatures and decreased with higher concentrations of sodium bicarbonate. In fact, the 
greatest amount of lysine was produced at a treatment temperature around 334 °C. Sato and 
others (2004) also found lysine to be the least liable AA at higher temperatures. The negative effect 
of additive on the concentration of lysine can be seen when comparing samples hydrolyzed at the 
same conditions with and without sodium bicarbonate. Hydrolyzed WPI samples had a lower 
concentration of lysine in the presence of sodium bicarbonate. This may be the result of an increase 
in pH when sodium bicarbonate is present in the hydrolyzate, which may increase Maillard 
reactions. Nielsen and others (2001) explained that Maillard reactions may occur at the ε-position 
of lysine, which interferes with the reaction of OPA, thereby decreasing the reported lysine content.  
D. CONCLUSIONS 
The interaction of sodium bicarbonate, temperature, and time significantly affected the DH, 
and the CCRD predicted that the addition of 1.24 M of sodium bicarbonate with treatment at 291°C 
for 28 min could produce a DH of 50% (four-fold greater than treatment with water alone). In 
addition, as additive concentration, temperature, and time increased, the MW of the peptides 
decreased; however, at high temperatures, the effect of additive concentration on the peptide MW 
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diminished. The model also predicted a maximum total AA concentration of 83.0 mg g-1 of WPI with 
the addition of 0.83 M of sodium bicarbonate and treatment at 264 °C for 29 min; however, the 
interactions of additive concentration, temperature, and time affected each AA differently and not 
all effects were included in the model. Overall, sodium bicarbonate may be a suitable additive for 
industrial hydrolysis of whey products since it requires less energy and time to achieve the same 
yield as SWH alone. 
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V. COMPARING VALUABLE PRODUCTS FROM WHOLE WHEY AND WHEY PROTEIN ISOLATE 
AFTER SUBCRITICAL WATER HYDROLYSIS. 
 
A. INTRODUCTION 
  
Whey protein hydrolyzates are commonly used in the commercial food industry for their 
nutritional and functional properties. Nutritionally, hydrolyzed whey protein can reduce 
allergenicity, improve dietary uptake, increase antioxidant activity, and promote bioactive and 
regulatory functions (Mahmoud 1994, Pihlanto 2006, Tidona and others 2009). Functionally, they 
have been used to enhance water binding, emulsification, foaming and foam stability, gelation, 
flavors, and shelf-life in foods (Blenford 1994, Foegeding and others 2002). The extent of hydrolysis 
of proteins in a hydrolyzate is often described by the DH, MW distributions, and the concentration 
of free AAs. 
 To prepare whey protein hydrolyzates, the protein is isolated (or concentrated) from whole 
whey and then enzymatically modified for specific applications (West and Gallagher 2007). Enzymes 
are used because of the ability to control specific cleavages for a specific peptide outcome; 
however, there is substantial evidence that SWH may also be used to control the DH of WPI for a 
variety of applications (Zhong and Jin 2008). SWH may require less processing time than enzyme 
hydrolysis, and SWH uses a nontoxic, reusable solvent.   
 In addition, pre-processing (whey protein concentration or isolation) of the byproduct 
before hydrolysis can be costly and time-consuming; therefore, eliminating this step may also 
decrease the cost and/or time of processing. No effort has been made, however, to compare the 
peptide and AA composition of whole whey (which includes lipids and carbohydrates) with the pre-
processed whey protein (after removal of the lipids and carbohydrates) in SWH. One of the few 
studies that compared the SWH of proteins with and without the presence of lipids is the study of 
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raw and de-oiled squid viscera (Uddin and others 2010). In this study, the authors found that the 
lipids may have coupled with proteins and shielded them from hydrolysis (Uddin and others 2010). 
Another study used rice bran, in which higher protein and AA yields were observed with de-oiled 
rice bran and de-oiled soybean meal compared to the raw forms following SWH (Watchararuji and 
others 2008). In contrast, Kang and Chun (2004b), working with silk fibrin, observed no significant 
effect on the AA production when including oleic acid before hydrolysis.    
The goals for this study were to determine the optimum SWH conditions to produce the 
highest DH and total AA compositions of whole whey, and then to compare the conditions to the 
optimum conditions for WPI.   
B. MATERIALS AND METHODS 
1. MATERIALS 
WPI (with 90% protein content) was obtained from Davisco Foods, Inc. (Eden Prairie, 
Minnesota, USA). Rennet (Junket, Redco Foods, Windsor, Connecticut., USA), whole milk, and 
buttermilk were purchased from a local grocery store. Acetonitrile, hydrochloric acid, and methanol 
were purchased from VWR (Radnor, Pennsylvania, USA). AA standard kits, MW standard kits, ortho-
phthaldialdehyde (OPA) (97% purity), acetic acid (97.7%), disodium phosphate (99%), and sodium 
bicarbonate (100%) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). All solutions 
were prepared with de-ionized water, and the mobile phases were prepared with HPLC-grade 
water. The OPA derivatizing solution was prepared fresh daily according to Nielsen and others 
(2001) and used for spectrophotometric and HPLC analyses. 
Whole Whey. Whole whey was prepared according to the protocol described by Franchiser 
(2000). In summary, a mixture of 3.8 L of whole milk with 0.7 g of calcium chloride was heated to 20 
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°C, 120 mL of buttermilk was added, and the solution was allowed to sit overnight (about 15 hr) at 
ambient conditions. The next day the solution was heated to 30 oC. Rennet (¼ tablet) was dissolved 
in 60 mL of cold water and added to the solution. The solution was mixed and allowed to set 
(undisturbed) for 2 hr. Once coagulation occurred, the mass was cut into 2.5 cm squares in the 
container and placed over low heat (approximately 38  oC). Curds were stirred by hand until they 
had contracted the consistency of firm scrambled eggs (about 15 min). The solution was removed 
from the stove and whey was decanted off through a colander lined with cheese cloth into an 
alternate container. Approximately 12 g of salt was sprinkled over the curds, the curds were 
pressed (for 12 hr) to remove excess whey, which was incorporated into the container with 
previously decanted whey. Whey was frozen and then placed in a freeze-dryer for approximately 5 
d. About 120 g of concentrated whole whey was produced and stored at -20 °C until needed for 
further use. 
Whole Whey Analysis. Crude protein was analyzed using total nitrogen combustion by the 
Agriculture Diagnostic Laboratory (University of Arkansas, Arkansas, USA) and the value calculated 
according to the methods described by the European Dairy Industry (2005). Percent ash and fat 
were analyzed using the dry ashing furnace (923.03) and soxhlet (920.39) Association of Official 
Analytical Chemists methods (AOAC 2010), respectively, at the Central Analytical Laboratory 
(University of Arkansas, Arkansas, USA). Total carbohydrates were determined using the Phenol-
Sulfuric Acid Method (Dubois and others 1956).  
2. METHODS 
Experimental Design. A central composite rotatable experimental design (CCRD) with two 
factors and five coded levels with replication (x 3) at the center point was used to study the 
interaction and main effects of the factors on the DH and the concentration of AAs during SWH of 
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whole whey and WPI (Table 5.2 on p. 76). Experimental runs were randomly conducted and the 
response was fit to a quadratic equation [Equation 5.1] as a function of the coded factors, 
temperature (x1) and time (x2). 
Y = βo + β1x1 + β2x2 + β12x1x2 + β11x1
2
 + β22x2
2
       [5.1] 
Where “Y” represents the response and “β” represents the intercept, linear, quadratic, and 
interaction constants, respectively. 
Statistical Analysis. The CCRD was analyzed using the JMP program (SAS Institute Inc., North 
Carolina, USA) and evaluated using ANOVA to determine the fit of the model and significance of 
factors or interactions. A second-order polynomial model was applied and the accuracy determined 
by the coefficient of determination (R2) and lack-of-fit using the F-test (p ≤ 0.05). Significance of 
effects was evaluated by the t-test (p ≤ 0.05). A Response Surface Prediction Equation was also used 
to determine the best conditions for obtaining the highest DH.   
Subcritical Water Hydrolysis. The reactor and its operation as well as the determination of 
degree of hydrolysis and amino acid content were described in Chapter III (p. 30-35). Analysis of 
peptide molecular weight was described in Chapter IV (p. 55-56). 
C. RESULTS AND DISCUSSION 
1. DEGREE OF HYDROLYSIS  
The components (ash, carbohydrates, crude protein, and lipids) of whole whey were analyzed and 
the results are presented in Table 5.1. Based on a review of the literature on the temperature with 
the highest dissociation of water, the mid-point for the CCRD was set at 250 °C and 30 min for both 
whole whey and WPI (Table 5.2) (Palmer and others 2004). The prediction equation [5.2] of the DH 
as a function of the coded factors of whole whey is as follows: 
DH = 7.93 + 3.73x1 - 2.61x2         [5.2] 
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Table 5.1. Approximate analysis of whole whey. 
Components  Content (% dry basis) 
Ash  12.1 
Carbohydrate  77.2 
Crude Protein  10.3 
Fat  0.4 
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Table 5.2-Central composite rotatable design (including codes) with replication at the 
center to study the effect of temperature (x1) and time (x2) on the degree of hydrolysis 
(DH) during subcritical water hydrolysis of whole whey (WW) and whey protein isolate 
(WPI). 
  Temperature (°C)  Time (min)  DH (%) 
Run  Levels Codes  Levels Codes  WW  WPI 
1  25 - a  0 -  8.1  1.2 
2  300 +1  10 -1  7.2  12.0 
3  250 0  58 +1.41  6.6  13.6 
4  250 0  2 -1.41  16.3  2.8 
5  321 +1.41  30 0  5.9  11.6 
6  250 0  30 0  7.9  12.0 
7  200 -1  10 -1  18.3  0.9 
8  179 -1.41  30 0  13.4  4.3 
9  200 -1  50 +1  13.2  7.4 
10  250 0  30 0  8.1  11.8 
11  250 0  30 0  7.8  12.2 
12  300 +1  50 +1  5.0  12.7 
aWhole whey and whey protein isolate standards (100 g L-1). 
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Analysis of the CCRD for whole whey demonstrated that the statistical model fit the 
responses (R2 = 0.93) and the lack-of-fit test was not significant (p = 0.999). Temperature (p = 0.012) 
and time (p = 0.012) exhibited significant effects on the DH. The maximum desirable DH for SWH of 
whole whey was 17.8% at 200 °C for 10 min, which is greater than the predicted maximum DH of 
WPI (13.7% with SWH at 284 °C for 40 min). JMP statistics program predicted a minimum for whole 
whey; therefore, maximum desirability was given instead. The prediction equation [5.3] of the DH 
as a function of the coded factors of WPI is as follows: 
DH = 11.87 + 3.34x1 + 2.83x2 - 1.91x1
2 - 1.81x2
2       [5.3] 
Analysis of the CCRD demonstrated that the statistical model fit the responses (R2=0.94) and the 
lack-of-fit test was insignificant (p = 0.999). Temperature and time exhibited significant first- and 
second-order effects on the DH.  
It is notable that the DH of the unhydrolyzed whole whey was higher (8.1%) than the DH of the 
unhydrolyzed WPI (1.2%) (Table 5.2). It is possible that whole whey has a relatively high initial(DH 
because hydrolysis of casein and whey proteins may occur during the process of cheese-making. 
Since WPI is produced by ion exchange chromatography or microfiltration, the AAs and peptides 
initially present in the whole whey), may have been removed (Abd El-Salam and others 2009); thus, 
the WPI would have a lower initial DH than the whole whey. The different initial DHs may be 
important when comparing whole whey to WPI at different hydrolysis conditions (Table 5.2). For 
example, the DH of whole whey significantly decreased with temperature and time with no second-
order effects; however, the temperature and time had significant second-order effects on the DH of 
the WPI. The second-order response characterizes the curvature of the response surface, indicating 
that the DH increased to a maximum at a certain temperature and time, and then decreased after 
 80 
 
that point. The decrease may be explained by AA degradation into products that do not react with 
OPA and are not measured (Abdelmoez and others 2007).  
The greater DH values of whole whey compared to WPI (Table 5.2) at the lower 
temperatures and shorter treatment times may be explained by the high initial DH of whole whey. 
At higher temperatures, degradation of many AAs occurs at a greater rate than their production (by 
hydrolysis of individual AAs from a peptide) (Abdelmoez and others 2007); therefore, many of the 
AAs present in the whole whey sample at the onset of hydrolysis were likely destroyed due to the 
lengthy exposure to the product to preprocessing and SWH conditions. However, because whole 
whey contains a greater variety of components (sugars and lipids), it is also possible that there are 
side reactions contributing to the hydrolysis of peptides that are not occurring in WPI (Kang and 
Chun 2004ab).   
2. HIGH-PERFORMANCE SIZE-EXCLUSION CHROMATOGRAPHY 
As treatment temperature and time increased, there was a decrease in the peak areas 
eluting at early retention times during HP-SEC analysis and an increase in peak areas of later eluting 
peaks for both whole whey and WPI. The major peaks from whole whey and WPI were similar in 
retention times (< 0.2 min). The MWs of these compounds were approximately 16.2 (~13.1 min), 
13.4 (~13.6 min), 9.7 (~14.5 min), and 5.2 kDa (~16.4 min). There were also two peaks observed in 
both samples with unknown MWs that eluted at 19.3 min and 20.5 min. Although both samples 
initially had similar peptide MWs, a different response was observed as the treatment temperature 
and time increased. The shift in MWs (evidenced by increasing peaks at low MWs and diminishing 
peaks at high MWs) as affected by temperature and time can be seen in Figures 5.1 and 5.2 for 
whole whey, and Figures 5.3 and 5.4 for WPI.  
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Figure 5.1-High-performance size exclusion chromatogram of whole whey hydrolyzed 
by subcritical water for 30 min at different temperatures. Vertical lines indicate 
molecular weight markers. 
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Figure 5.2-High-performance size exclusion chromatogram of whole whey hydrolyzed 
by subcritical water at 250 °C for different durations. Vertical lines indicate molecular 
weight markers. 
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Figure 5.3-High-performance size exclusion chromatogram of whey protein 
isolate hydrolyzed by subcritical water at 250 °C for different durations. 
Vertical lines indicate molecular weight markers. 
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Figure 5.4-High-performance size exclusion chromatogram of whey protein isolate 
hydrolyzed by subcritical water for 30 min at different temperatures. Vertical lines 
indicate molecular weight markers. 
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To demonstrate the effect of temperature on the hydrolysis of whole whey, the treatment 
time was held constant (Figure 5.1). As treatment temperature increased from 179 to 250 to 321°C, 
the MWs of several major peaks decreased dramatically. To demonstrate the effect of time, 
temperature was held constant at 250 °C (Figure 5.2). As reaction time increased from 2 to 30 min, 
the peaks with MWs between 7.6 and 16.2 dramatically decreased and new peaks with MWs 
ranging from 1.7 to 5.2 kDa appeared. There was a slight decrease in the concentrations of all MW 
peaks with treatment times above 30 min. Thus, it is likely at later treatment times, a greater 
destruction of amino acids occurred than production of amino acids. This is similar to patterns seen 
in DH (above);  the reduction in DH was much greater at lower temperatures than higher 
temperatures with increasing treatment time.  
Hydrolysis of WPI and whole whey generated similar peaks with peptide MWs ranging from 
9.7 to 16.2 kDa; however, the peak areas for these peptides in whole whey and WPI differed with 
the same temperature and reaction times. For example, if temperature is held constant at 250 °C 
(Figure 5.3), the major peak from WPI after a 2-min hydrolysis is approximately 16.2 kDa (RT= 13.1 
min); and this peak area decreases as temperature increases while several new, lower MW peaks 
form. Unlike in whole whey, the area of all of the peaks increased when the treatment time of WPI 
was increased from 30 to 58 min (including the peak at 13.1 min or ~16.2 kDa). This was the same 
pattern observed in the DH of WPI. An increase in DH at 58 min seems to correlate with an increase 
in the area of all peaks, which may be the result of the hydrolysis of larger peptides (> 16.2 kDa). By 
keeping treatment time constant and comparing the effect of different treatment temperatures 
during the hydrolysis of WPI, Figure 5.4 shows a decrease in the area of peaks with MWs ranging 
from 7.6 to 16.2 kDa and an increase in the area of peaks with MWs ranging from 1.7 to 5.2 kDa. 
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Another difference between hydrolyzed whole whey and WPI is that hydrolysis of WPI 
produced at least eight peaks more than whole whey with MWs ranging from 0.25 to 6.7 kDa. These 
smaller MW peptides were present in hydrolyzed WPI at high temperatures and long durations. In 
the discussion of DH, it was mentioned that the pre-processing before hydrolysis could contribute 
to the different DH values between whole whey and WPI at similar hydrolysis conditions; however, 
it might also be concluded that side reactions are hydrolyzing the whole whey proteins and altering 
the peak MW patterns when compared to WPI. Previous work compared the hydrolysis of WPI and 
WPI with the addition of sodium bicarbonate and a greater DH was obtained when using sodium 
bicarbonate as a catalyst (Chapter IV). Even though the presence of sodium bicarbonate enhanced 
hydrolysis (with more diminishing peaks of MW > 9.7 kDa than WPI without sodium bicarbonate at 
the same temperature and time), the MW patterns of WPI (without sodium bicarbonate) eventually 
mimicked those of WPI with sodium bicarbonate but required higher temperatures and longer 
treatment times. In this study WPI did not mimic patterns of peptide MW of whole whey over 
higher temperatures and longer treatment times; therefore, it may be that side reactions are 
occurring that change peak patterns for whole whey when compared to WPI.  
3. AMINO ACID CONTENT  
The release of AAs from peptides and the breakdown of AAs into degradation products of 
individual AAs differs greatly depending on reaction conditions (Yoshida and Tavakoli 2004; 
Rogalinski and others 2005). The individual AA contents of whole whey and WPI hydrolyzed at 250 
°C for 30 min were compared and the concentration of the majority of AAs was significantly greater 
in the whole whey hydrolyzates (Table 5.4). For example, arginine, aspartic acid, glutamic acid, 
histidine, phenylalanine, serine, and tryptophan were significantly higher in the hydrolyzed whole  
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Table 5.4-Amino acid concentration of whole whey and whey 
protein isolate (mg g
-1
 WW or WPI) following subcritical 
water hydrolysis at 250 °C for 30 min. 
Amino Acid  WW  WPI 
Alanine  0.8  8.6a 
Arginine  4.9a  0.9 
Aspartic acid  17.8a  0.5 
Glutamic acid  1.6a  0.6 
Glycine/Threonine  0.5  3.4a 
Histidine  0.6a  0.1 
Isoleucine  0.7  0.8 
Leucine  0.4  4.5a 
Lysine  0.9  9.5a 
Methionine/Valine  0.3  1.1a 
Phenylalanine  0.6a  0.3 
Serine  0.5a  0.2 
Tryptophan  1.3 a  0.5 
Tyrosine  0.2  0.9 
Total  31.1  32.0 
aAmino acid concentrations followed by this letter within the 
same row are significantly different (p ≤ 0.05). 
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whey sample; however, alanine, leucine, lysine, methionine/valine, and threonine were significantly 
higher in the hydrolyzed WPI sample.   
There was baseline separation of all amino acids except methionine and valine, which co-
eluted at 14.6 min. Also, in the hydrolyzed WPI samples, glycine and threonine emerged (at 
retention time 10.6 min) only after treatment at 250 °C. Erratic disappearance of the 
cystine/cysteine peak occurred from sample-to-sample, which, according to Spellman and others 
(2003), can be the result of an unstable reaction between cystine or cysteine and OPA that would 
generate large variability within sample replications. A CCRD was used to analyze whole whey 
hydrolyzates by individual AAs because each reacts differently to different conditions (Sato and 
others 2004). Individual AAs that fit first- and/or second-order models significantly with a 
coefficient of determination (R2) greater than 0.8 were:  arginine, aspartic acid, glutamic acid, 
isoleucine, leucine, lysine, serine, and threonine. Leucine and serine were significantly affected by 
the interaction of temperature and time. Isoleucine, lysine, and threonine were affected by second-
order effects of temperature and time, which indicates a maximum AA content reached within the 
design. Aspartic and glutamic acids were solely affected by temperature.  
The AAs in hydrolyzed WPI samples that fit the first- and/or second-order model 
significantly with an R2 > 0.8 were:  alanine, arginine, aspartic acid, histidine, isoleucine, leucine, 
lysine, and serine. Leucine and lysine were affected by temperature and time. Alanine, arginine, 
aspartic acid, histidine, isoleucine, and serine were all significantly affected by temperature alone 
while alanine, arginine, aspartic acid, leucine, lysine, and serine reached a maximum amount at a 
certain temperature within the design based on the significant second-order temperature effect.  
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When Uddin and others (2010) compared the total AAs generated from SWH of raw squid 
viscera with de-oiled squid viscera, a definite pattern of higher yields of AAs were observed in de-
oiled samples, especially as temperatures increased. This pattern was not seen with the AAs in this 
study; however, it was observed in the DH and HP-SEC. Total AAs hydrolyzed for both whole whey 
and WPI were approximately 32 mg g-1 WPI or whole whey. The most extreme difference in AA 
content between whole whey and WPI was the aspartic acid content of the samples (approximately 
17. 8 mg g-1 whole whey and 0.5 mg g-1 WPI); however, WPI had considerably higher amounts of 
alanine, leucine, and lysine. Sato and others (2004) observed that aspartic acid can breakdown to 
form alanine, which may explain the high concentration of alanine and low concentration of 
aspartic acid in WPI as well as the high aspartic acid and low alanine concentrations in whole whey.  
D. CONCLUSIONS 
 Unhydrolyzed whole whey had a high initial DH and, after hydrolysis, whole whey still had a 
DH larger than WPI. The responses (DH and HP-SEC peak areas) of whole whey and WPI to 
hydrolysis were very different with maximum amounts occurring at different SWH conditions. The 
maximum DH and greatest areas of early-eluting peaks were generated around 200 °C for whole 
whey; whereas, the maximum values for WPI were generated around 284 °C. A pattern could not be 
established for total AAs when comparing whole whey and WPI. Hydrolysis of whole whey 
produced the greatest amounts of arginine (14.8 mg g-1 whole whey), aspartic acid (20.6 mg g-1), 
and tryptophan (9.0 mg g-1); however, hydrolysis of WPI produced the greatest amounts of alanine 
(11.0 mg g-1), leucine (5.6 mg g-1), and lysine (36.5 mg g-1). 
 Since the maximum DH for hydrolyzed whole whey occurred at a lower SWH temperature 
and time than hydrolyzed WPI, hydrolysis of whole whey rather than WPI may reduce time and 
energy requirements, if the primary goal of hydrolysis is to generate a high DH. Also, in this 
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situation, time and energy may be conserved by eliminating the pre-processing steps to attain WPI 
from whole whey. However, it is also important to measure degradation products of residual lipids 
and sugars in hydrolyzed whole whey.   
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VI. VOLATILES PRODUCED DURING SUBCRITICAL WATER HYDROLYSIS OF WHEY 
A. INTRODUCTION 
 Hydrolysis may increase the value of by- and waste-products by tailoring their components 
to specific needs. For example, proteins from cheese whey can provide essential AAs, easily 
digestible di- and tri-peptides, biologically active peptides, and anti-oxidative components (Pena-
Ramos and Xiong 2001; Smithers 2008; Floris 2009). Modifying the whey protein may also result in 
unique functionality of the hydrolyzates, such as, gelling, emulsifying, water-binding, and foaming 
properties (Foegeding and others 2002; Sinha and others 2007). Among other hydrolysis 
procedures, water in the subcritical state has been successfully utilized to generate hydrolyzates 
with modified peptides and AAs to use in different applications (Toor and others 2011).  
Protein hydrolyzates have a Generally Recognized as Safe (GRAS) status as dietary 
supplements or food additives in the United States, if they are derived from a protein with a history 
of safe use and processed with common methods or food-grade enzymes (Schaafsma 2009). 
However, if the protein hydrolyzate or its processing is considered novel or accumulates extremely 
high amounts of free AAs, then a review and approval of safety claims by independent experts may 
be necessary (Schaafsma 2009). Due to some extreme processing techniques, like high 
temperatures in SWH, AAs degradation products and residual starch or lipid components may 
participate in side reactions, such as acid- and/or base-catalyzed hydrolysis, pyrolysis, and Maillard 
reactions. For example, Velisek and others (1978, 1986) discovered chlorinated compounds, like 
mono- and di- chloropropanols and dihydroxypropyalmines in soybean meal hydrolyzates. These 
compounds are harmful to the environment and have been shown to accumulate in human and 
animal fat with latent hepatotoxic and carcinogenic effects (Weber and Richter 1994). 
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Other possible harmful components that may be derived from the extreme thermal 
processing of proteins and their residues include malodorous and/or hazardous compounds, such 
as, carcinogenic, mutagenic, toxic, anti-nutritional, or allergenic substances. Three potentially 
carcinogenic compounds that may be produced during extreme thermal processing are heterocyclic 
amines, nitrosamines, and polycyclic aromatic hydrocarbons (Jakszyn and others 2004). Heterocyclic 
amines are categorized as 2-aminoimidazole- and 2-aminopyridine-types. 2-Aminoimidazoles, like 
aminoimidazoazarenes, are generally produced between the temperatures of 150 to 250 °C in the 
presence of Maillard reaction products and creatinine (Deshpande 2002). The 2-aminopyridine-type 
heterocyclic amines are derived from peptides generated by temperatures above 300 °C 
(Deshpande 2002). Ten heterocyclic amines are carcinogenic in rodents with 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine being the most abundant in foods (Deshpande 2002). Nitrosamines 
occur naturally in the environment and in animal systems by the nitrosation of amine or amide 
groups. Because zero tolerance cannot be established in most cases, monitoring carcinogenic risk 
levels for oral intake of individuals is enforced by the US Environmental Protection Agency (1980). 
Polycyclic aromatic hydrocarbons are formed typically from the pyrolysis of fats in significant 
amounts above 400 °C, but they are also formed by the heat treatment of AAs (tryptophan, 
glutamic acid, valine, proline, and lysine) (Deshpande 2002). The Environment Protection Agency 
(Agency for Toxic Substances & Disease Registry 2008) sets the maximum contaminant level at 0.2 
ppb when testing the reference polycyclic aromatic hydrocarbon, [benzo(a)pyrene], in water. 
Benzo(a)pyrene, among others, is considered carcinogenic to animals and probably to humans as 
well, according to the International Agency for Research on Cancer (International Agency for 
Research on Cancer 2006). 
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Other products and intermediates of Maillard reactions, besides heterocyclic amines, 
nitrosamines, and polycyclic aromatic hydrocarbons, may contribute flavor, aroma, and color to a 
food, but they also may be toxic or mutagenic. For example, some dicarbonyl compounds (like 
formaldehyde and acetaldehyde) are toxic and become intermediates in the production of 
polycyclic aromatic hydrocarbons; some furan, pyrrole, and thiazole compounds have weak 
mutagenic activity; and some dithianes and imidazoles have  strong mutagenic activity (Lee and 
Shibamoto 2002). N-nitrosamine production also occurs by the nitrosation of secondary amino 
groups of the Amadori compounds produced by the Maillard reactions.  
The temperatures and pressures of water used for SWH are typically between the boiling 
point (100 °C and 0.10 MPa) and the critical point (374 °C and 22 MPa) of water. As temperature 
and pressure increase, degradation products increase and eventually gases are produced. The 
reaction kinetics of the degradation of AAs into valuable components (such as organic acids) has 
been thoroughly reviewed for various by-products and model proteins (Toor and others 2011). 
Eventually the degradation results in the production of low-MW volatiles like ammonia, carbon 
dioxide, carbon monoxide, hydrogen, and methane. There is, however, little information on the 
possible production of unwanted components, like malodorous or even hazardous high-MW 
volatile compounds generated by SWH. Therefore, exploring potentially hazardous or irritating 
compounds may be pertinent to the industrial implementation of SWH. The objective of this study 
was to characterize the volatiles and monitor potential nitrosamines and polycyclic aromatic 
hydrocarbons that may be created after SWH of WPI or whole whey.  
B. MATERIAL AND METHODS 
1. MATERIALS 
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WPI (with 90% protein content) was obtained from Davisco Foods, Inc. (Eden Prairie, 
Minnesota, USA). Nitrosamine mix ( N-nitrosodimethylamine, N-nitrosodibutylamine, N-nitrosodi-
N-propylamine, N-nitrosomethylethylamine, N-nitrosodiethylamine, N-nitrosopyrrolidine, and N-
nitrosopiperidine) and polycyclic aromatic hydrocarbon mix (acenitrosaminesphthene, 
acenitrosaminesphthylene, anthracene, benz[a]anthracene, benzo[b]fluoranthene, 
benzo[k]fluoranthene, benzo[ghi]perylene, benzo[a]pyrene, chrysene, dibenz[a,h]anthracene, 
fluoranthene, fluorene, indeno[1,2,3-cd]pyrene, nitrosaminesphthalene, phenitrosaminesnthrene, 
and pyrene) were purchased from Supleco (Sigma-Aldrich, St. Louis, Mo., USA). Rennet (Junket, 
Redco Foods,Windsor, Conn., USA), whole milk, and buttermilk were purchased from a local grocery 
store.   
 Whole whey was produced according to the protocol of Fankhauser (2000) described 
previously in Chapter V (p. 71) 
2. METHODS 
The reactor and its operation as well as the determination of degree of hydrolysis and 
amino acid content were described in Chapter III (p. 30-35). Analysis of peptide molecular weight 
was described in Chapter IV (p. 55-56). 
Experimental Design. Two types of sampling methods, SPME headspace and direct 
headspace, were used to sample from the replicated extreme conditions (179, 250, and 321 °C for 
30 min) used for the CCRD (discussed in Chapter V) from the headspace of unhydrolyzed whole 
whey and WPI (as standards) and hydrolyzed whole whey and WPI. Volatile identification was 
performed using the automated mass spectral deconvolution and identification system (ADMIS) to 
compare spectra from reference libraries by the National Institute of Standards and Technology 
 95 
 
(NIST) (Scientific Instrument Services Inc., Ringoes, N.J., USA). The volatiles were recorded only 
when the probability of a match was greater than 80%. Nitrosamines and polycyclic aromatic 
hydrocarbons were also identified by the retention times from standards that were run using 
similar conditions. Retention times between samples were verified by the inclusion of an internal 
standard (1,2-dichlorobenzene) ( Bredie and others 1998). 
Volatile Identification by Solid Phase Microextraction Injection. A Varian 3400 GC system 
with 8200 Autosampler, and 2000 Mass Selective Detector (Varian, Santa Clara, Calif., USA) were 
used to analyze organic volatiles. A method similar to that provided by the US EPA (Griffith 2004) 
using a carboxen/polydimethylsiloxane (CAR/PDMS) (75 μm) SPME fiber was used to identify 
volatile organic compounds from the headspace of all the samples. The CAR/PDMS fiber is ideal for 
adsorbing bi-polar, low-molecular weight, trace-level volatiles (Shirey and Mindrup 1999). 
Extraction was conducted at 45 °C for 30 min with agitation in a headspace vial and desorption at 
220 °C for 2 min. A blank of air was used to eliminate compounds from the SPME fiber and column 
that might interfere with the results. Separations were performed on a VF-5ms fused silica capillary 
column (Factor Four, Varian, Santa Clara, Calif., USA) with dimensions of 30.0 m x 0.25 mm x 0.25 
mm and 5% phenyl-methyl low bleed by the following schedule:  100 °C (3-min hold), heating to 140 
°C at 40 °C min-1 (1-min hold), and heating to 160 °C at 5 °C min-1 (3-min hold) (Griffith 2004). The 
carrier gas was helium at 1 ml min-1. The mass detector was set at a temperature of 220 °C, with an 
ionization voltage of 10 eV, and with a scan range of 35-350 m/z in 0.5 s.  
Approach to Identifying Nitrosamines. A combination of methods from Jurado-Sanchez and 
others (2007) and Perez and others (2008) was used to analyze nitrosamines with the equipment 
mentioned above. In a headspace vial, seven nitrosamine standards (2000 μg L-1) were added to 5 
ml of water or WPI. The pH was adjusted to 10, and sodium chloride was added (25%). Vials were 
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then heated to 45 °C for > 12 h until equilibrium was reached. After equilibration, SPME headspace 
was adsorbed with a 65 μm PDMS/divinylbenzene (DVB) fiber to attract non-polar compounds 
(Supelco 1998) with no agitation at 45°C for 30 min. The PDMS/DVB fiber was injected in the GC 
port at 250 °C for 5 min. Separations were performed using helium gas at 1 ml min-1 on the same 
column described above with the following separation program:  40 °C (3-min hold), heating to 100 
°C at 10 °C min-1 (1-min hold), and heating to 250 °C at 15 °C min-1 (2-min hold). The mass detector 
(ion-trap) was set at a temperature of 220 °C, with an ionization voltage of 10 eV and a scan range 
of 35-350 m/z in 0.5 s. 
Approach to Identifying Polycyclic Aromatic Hydrocarbons. A method similar to that of 
Doong and others (2000) was used to analyze polycyclic aromatic hydrocarbons using the same 
equipment mentioned above. Sixteen polycyclic aromatic hydrocarbon standards (1 μg L-1) were 
added to 5 ml of water or WPI, and sodium chloride was added (25%). Compounds in the headspace 
were captured with a 100-μm PDMS fiber under agitation at 45 °C for 60 min. The PDMS fiber with 
compounds was injected in to the GC port at 260 °C for 2 min. The carrier gas was helium at 1 mL 
min-1. Separations were performed on the same column discussed above with the following 
separation program:  40 °C (3-min hold), heating to 180 °C at 20 °C min-1, heating to 250 °C at 4 °C 
min-1 270 °C at 2 °C  min-1, and (2-min hold). The mass detector was set at a temperature of 220 °C, 
with an ionization voltage of 10 eV, and with a scan range of 50-550 m/z in 0.5 s.       
Volatile Identification by Direct Injection. The method was a slight modification of the one 
described by Doong and others (2000). Samples were heated at 45 °C for 30 min in a crimp-capped 
headspace vial, and then 1 mL was injected into a GC/MS (Varian, Santa Clara, Calif., USA) at 260 °C 
for 2 min. The carrier gas was helium at 1 ml min-1. Separations were performed on a ZB-5HT 
Inferno polyimide coated, fused silica capillary column (Phenomenex, Torrance, Calif., USA) with 
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dimensions of 30.0 m x 0.25 mm x 0.25 μm and 95% dimethylpolysiloxane. The mass detector was 
set at an ionization voltage of 1000 V and 0.70 amu. Identification was recorded only when there 
was a probability of 80% or greater of accurate compound identification (Bravo and others 1992).   
Low Molecular Weight Volatile Identification. The gases produced during SWH of WPI at 
250 °C for 30 min were collected in a 1 L gas-sampling bag provided by Exova (Santa Fe Springs, 
California, USA) and dispatched for analysis of low-MW volatiles. Hydrocarbons were analyzed by 
GC/Flame Ionization (Varian 3400, Pickering, ON, Canada) using direct injection (1 mL) at 220 °C and 
separated on a 6’ x 2.0 mm Alumina F1 column. The separation consisted of holding at 40 °C for 5 
min, then increasing to 250 °C at 10 °C min-1 with detector held at 250 °C. Sulfur gases were 
separated with a 3 m x 0.53 mm GS-Q column by GC/Hakll Electroconductivity Detection (Varian 
3700, Pickering, ON, Canada. Samples (5 µm) were injected in the GC port at 220 °C and separated 
with a gradient from 40 °C to 190 °C at a rate of 5 °C min-1. The detector was held at 483 °C. 
Permanent gases were analyzed by GC/Thermal Conductivity Agilent 6890 (Santa Clara, California, 
USA) and separated on an 8’ x 2 mm Carbosieve S column. Samples (1 mL) were injected at 150 °C 
and separated with the following program: 40 °C (hold 5 min) and then heating to 210 °C at 10 °C 
min-1. The detector was held at 200 °C. Amounts were recorded as percent volume of the sample. 
C. RESULTS AND DISCUSSION 
1. VOLATILE IDENTIFICATION FROM SOLID PHASE MICROEXTRACTION INJECTION 
ADMIS/NIST programs identified 7, 8, 6, and 10 compounds for unhydrolyzed WPI, 
hydrolyzed WPI, unhydrolyzed whole whey, and hydrolyzed whole whey, respectively, at varying 
probabilities (Table 6.1). The volatiles consisted of alcohols, aldehydes, furans, hydrocarbons, 
ketones, lactones, phenols, pyrazines, pyrroles, short-chain fatty acids, and sulfur compounds.  
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Table 6.1-Volatile organic compounds identified in whey and whey hydrolyzates. 
Compound Retention Time 
(min)
a
 
Probability 
(%)
b
 
 
Blank (Air) 
2,4-Dimethylhexane 18.51 58 
1,1’-[(1-Methyl-1,2-ethanediyl)bis(oxy)]bis-2-
propanol 
19.87 84 
 
Unhydrolyzed Whey Protein Isolate 
Dimethyl disulfide 3.33 98 
Spiro[2,4]hepta-4,6-diene 3.74 72 
2,4-Dimethylhexane 4.44 76 
2-Heptanone 7.69 58 
1-Methyl-1H-pyrrole-2-carboxaldehyde 20.00 83 
m-Aminophenylacetylene 21.50 84 
Cyclopentadecanol 24.66 61 
 
Hydrolyzed Whey Protein Isolate 
5-Methyl-2-hexanone 6.39 81 
1-(2-Methyl-1-cyclopentene yl)-ethanone 6.66 69 
3-Methylpyridine 6.88 59 
Styrene 7.64 89 
Nanofin or 2,6-Dimethylpiperidine 10.50 78 
3-Ethyl-2,4-dimethyl-1H-pyrrole 11.59 81 
 
Hydrolyzed Whey Protein Isolate with Sodium Bicarbonate 
Styrene 7.69 75 
1-Methyl-1H-pyrrole-2-carboxaldehyde 8.18 76 
Pidolic acid or  5-Oxo-L-proline 11.52 78 
3-Ethyl-2,4-dimethyl-1H-pyrrole 11.63 91 
1,5-Dimethyl-2-pyrrolidinone 14.21 91 
Pyrazine, 1,4-dioxide 16.03 84 
m-Aminophenylacetylene 21.85 95 
 
Whole Whey Standard 
Methanecarbothiolic acid 2.49 95 
2,3-dimethylpentane 2.63 50 
tetramer Acetaldehyde or Metaldehyde 2.97 65 
Dimethyl disulfide 3.28 99 
2,4-Dimethylhexane 4.37 77 
2,4-Bis(1,1-dimethylethyl)-phenol 27.15 99 
 
Hydrolyzed Whole Whey 
2-Ethyl-2-butenal 5.48 81 
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Sorbic acid or 2,4-Hexadienoic acid 6.92 55 
2-Methoxyphenol 10.82 51 
(p-Hydroxyphenyl)phosphonic acid 11.22 53 
Benzofuran 11.52 96 
2-Acetyl-5-methylfuran 13.03 86 
3-Methylphenol 13.78 65 
4,4-Dimethyl-2-cyclohexen-1-one 14.90 85 
4-Ethyl-1,3-benzenediol 14.98 68 
n-Butyl myristate or  butyl tetradecanoate 37.39 70 
aRetention times are based on EPA method # 8260B using a 5% polar column with 
Headspace, SPME technology. 
bProbability is based on the extraction of spectra by ADMIS and its comparison of the 
spectra to the NIST database.    
  
 100 
 
Analysis of unhydrolyzed WPI (control) showed several compounds that may contribute to 
the odor/flavor of whey, including dimethyl disulfide (cooked cabbage-like); 2-heptanone (fruity, 
cinnamon-like); 1-methyl-1H-pyrrole-2-carboxaldhyde (almond-like); 2, 4-dimethylhexane (solvent-
like); and cyclopentadecanol (musk-like) (Luebke 2010). Hydrocarbons m-aminophenylacetylene 
(polymer research) (Chapman and Hall 2010) and spiro[2,4]hepta-4,6-diene were also observed. 
GC/MS headspace analysis of unhydrolyzed whole whey (control) also showed dimethyl disulfide, 
methanecarbothiolic acid, and 2, 4-dimethyl-hexane, which may contribute to the odor/flavor 
profile. A potentially toxic compound, tetramer acetaldehyde, which is a neurotoxin used in snail 
and slug baits (Dolder 2003), was also observed; however, this was not verified with a standard. 
Also, a synergistic antioxidant, 2, 4-bis (1, 1-dimethylethyl)-phenol and an oxygenated hydrocarbon, 
2, 3-dimethyl-pentonitrosaminesl, was seen (Davě and Gnudi 1999). 
Hydrolyzed WPI produced 5-methyl-2-hexanones (sour, cheesy-like), 3-methyl-pyridine 
(sweet-like), and 1-(2-methyl-1-cyclopenten-lyl)-ethanone (caramelization of maltose), which may 
be possible odor/flavor contributing compounds (Luebke 2010). Other compounds observed in 
hydrolyzed WPI were styrene (naturally occurring, feedstock for synthetic rubber), nanofin (used in 
solvent and pharmaceutical applications), 1, 5-dimethyl-2-pyrrolidinone (an intermediate for 
pharmaceutical and agrochemicals), hypoxanthine (naturally occurring purine derivative), and 3-
ethyl-2, 4-dimethyl-1H-pyrrole (ChemYQ 2005; BASF Webmaster 2007; SIRC 2009).  
Hydrolyzed whole whey produced 2-acetyl-5-methylfuran (strong nutty, cocoa-like flavor), 2-
methoxy phenol (flavorant precursor to vanillin and colorant), and n-butyl-myristate 
(solvent/deluents for cosmetic, flavor and/or fragrance agents), which may contribute to 
flavor/odor (Luebke 2010). Also, sorbic acid (food preservative), benzofuran (sweet-smelling used in 
food packaging), 3-methyl phenol (used in resins, disinfectants, and photographic developer), 2-
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ethyl-2-butenitrosaminesl (Maillard product), and 4-ethyl-1, 3-benzenediol (chemical intermediate 
to synthesis pharmaceutical and as a UV absorber) were observed (Umano and others 1995; O'Neil 
and others 2001; NAmedia 2010; Online 2011).   
Evans and others (2009) used a DVB/CAR/PDMS SPME fiber to monitor common volatiles 
found in whey products due to lipid oxidation and noted the presence of hexanal, heptanal, 
pentanal, nonanal, 2, 3-butanedione, and dimethyl disulfide. As mentioned above, dimethyl 
disulfide and analogs of pentanal, hexanal, and heptanal were observed (Table 6.1) using the 
CAR/PDMS SPME; however, there were no other similarities in results. Pereda and others (2008) 
also used a DVB/CAR/PDMS SPME fiber in order to monitor common volatiles found in high-
pressure homogenized milk. Similar compounds observed in this study and Pereda and others 
(2008) include 2, 4-dimethylhexane, 2, 3-dimethylpentane, dimethyl disulphide, and 2-heptanone; 
also, they noted that an increase in heat during homogenization induced ketone production, which 
is seen in this study when comparing standards to hydrolyzates. A difference in the amount of 
compounds identified between this study and the study of Pereda and others (2008) may be due to 
differences in selectivity of the SPME fibers, extraction times used in each study, or the differences 
in starting material. Since the CAR/PDMS fiber is ideal for extracting compounds of less than 90 g 
mol-1 (Shirey and Mindrup 1999), the fiber may be excluding larger MW compounds. Furthermore, 
the limitation of the ion trap-type detector is that the default upper mass limit for the background 
noise is 45 m/z (Varian Associates 1996), which may be excluding lower MW compounds.  
Nitrosamines. With the addition of 2000 μg L-1 of the seven nitrosamines, there were no 
nitrosamines identified by ADMIS/NIST. The method was modified to perform the extraction by 
SPME immersion for 30 min at 45 °C, which resulted in the identification of N-nitrosodi-N-
propylamine and N-nitrosopiperidine (Figure 6.1). The limitations of this method were the fragile  
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Figure 6.1-Chromatogram of nitrosamine standards (2000 μg L
-1
) in de-ionized water.  Two out of 
seven were identified by ADMIS/NIST program. 
6 7 8 9
7 9 6 8 
Retention Time (min) 
8.59 
7.88 
N-Nitrosodi-N-Propylamine 
N-Nitrosopiperidine 
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SPME fibers that would melt or rub off, and semi-volatile nitrosamine that are difficult to extract 
and capture with SPME headspace or immersion methods. Perez and others (2008) suggested the 
optimum conditions for extraction of nitrosamine (in particular N-nitrosodimethylamine) using 
headspace SPME technology by GC/MS and observed a limit of detection at 0.8830 μg L-1. The 
results of this study did not reflect those of Perez and others (2008) even though the extraction 
conditions were similar; therefore, a solvent extraction and concentration method similar to that in 
the study of Jurado-Sanchez and others (2007) may be required to achieve identification of all seven 
nitrosamines in order to improve the search for possible carcinogens like nitrosamines. When the 
standard was placed in WPI hydrolyzates, no nitrosamines were detected, perhaps, due to 
interfering volatile whey compounds. 
Polycyclic Aromatic Hydrocarbons. Acenaphthylene, azulene, fluorine, and phenanthrene 
were identified by ADMIS/NIST (Figure 6.2). Azulene was not included in the standard mix, but is an 
isomer of naphthalene (not identified) that was in the standard mix. The limitations of this method 
were owed to the fragile SPME fibers and to the condition of temperature and time required for 
optimum extractions for individual polycyclic aromatic hydrocarbons. Doong and others (2000) 
found that different polycyclic aromatic hydrocarbons (based on their varying MWs) compete for 
fiber sorption, which depends on duration and temperature of extraction. Because this study used 
an extraction condition of 45 °C for 60 min, this may account for the exclusion of higher molecular 
weight polycyclic aromatic hydrocarbons.   
2. VOLATILE IDENTIFICATION FROM DIRECT HEADSPACE INJECTION 
Using an alternative sampling method (direct headspace injection), the headspace of WPI 
standards and whole whey standards were analyzed and recorded. The recorded volatiles that 
matched the headspace volatiles present in hydrolyzed WPI and hydrolyzed whole whey were
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Figure 6.2-Chromatogram of polycyclic aromatic amine standards (1 μg L
-1
) in de-ionized water. Three 
out of sixteen were identified by ADMIS/NIST program. Azulene is an isomer of naphthalene (one of 
the sixteen standards). 
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eliminated in order to evaluate volatiles that may be produced by SWH at 250°C for 30 min. Fifty-six 
volatiles were identified by GC/MS from hydrolyzed WPI (21 volatiles) and hydrolyzed whole whey 
(28 volatiles) and were recorded (in Table 6.2) when ADMIS program extracted spectra data to 
match that of the NIST libraries with an 80% probability. The seven remaining volatile compounds 
were similar in both WPI and whole whey. One of these compounds shared by hydrolyzed WPI and 
whole whey that is not due to hydrolysis is 1,2-dichlorobenzene, the internal standard used to 
correct retention time variation. Two of the volatiles were amines that may contribute to the bad 
odor of the hydrolysates, trans-4-amino cyclohexanol (strong base with a fishy odor) and 3-methyl-
1-butanitrosaminesmine (used as a chemical intermediate with an ammonia odor) (Shanghai 
Amino-Chemistry c2002; NAmedia 2010). Also contributing to the odor was methyl cyclopentane, 
which was also found in irradiated AA samples (Ahn 2002). Trans-4-amino cyclohexanol may 
contribute to the pH of the hydrolyzates of both WPI and whole whey (both with a pH  around 9). 
Beta-aminoisobutyric acid (pyrimidine metabolite), nitroethane (considered toxic), and 1-H-1,1,2,4-
triazole (type of fungicide) were also found in both samples ( Zambonin 2002; NAmedia 2010; 
Britannica c2011).  
A few volatiles that may contribute to the aroma of the hydrolyzed whole whey include:  (1) 
2,2,4,6,6-pentamethylheptane-4-thiol, commonly found in cooked meats (Ahn and others 2000); (2) 
butan-1-ol, a volatile found in fermentation products like wine and cheese (Dumont and Adda 
1978); (3) 2-oxobutanoic acid, found during fermentation (Tavaria and others 2002); (4) 2-methyl-1-
butanamine from possible AA breakdown (Ahn 2002); 
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Table 6.2-Volatile compounds released during subcritical water hydrolysis of whole whey (WW) and whey protein isolate (WPI) at 250 
°C for 30 min using direct headspace injection. 
Sample  Volatiles  RT
a
  Description  Odor  References 
WW  Methyl cyclopentane  1.91  solvent and food volatile  gasoline-like  Luebke 2010 
WW 
 
Propylcyclopropane 
 
2.82 
 
chemical intermediate 
 
NA 
 Umano and others 
1995, O'Neil and 
others 2001, 
NAmedia 2010 
WPI 
 
Methyl cyclopentane 
 
2.88 
 
solvent and food volatile 
 
gasoline-like 
 Evans and others 
2009 
WW 
 
2,2,4,6,6-Pentamethylheptane-4-thiol 
 
2.90 
 
food volatile (meat) 
 
NA 
 Shirey and 
Mindrup 1999 
WW 
 
Trans-4-amino cyclohexanol 
 
3.00 
 
strong base, industrial use 
 
fishy, amine 
 Varian Associates 
1996 
WPI 
 
2,3-Dimethyl-2,3-dinitrobutane 
 
3.43 
 
industrial use 
 
NA 
 Shahidi and others 
1986 
WPI 
 
2,5-Dimethyl-1-hexane 
 
3.80 
 
food volatile (grain) 
 
NA 
 Jankowski and 
others 2009 
WW 
 
Trimethylalumane 
 
4.00 
 
methylation agent 
 
corrosive 
 Shahidi and others 
1986 
WPI 
 
2,6-Dimethyloctane 
 
4.37 
 
food volatile (meat) 
 
NA 
 Ahn and others 
2000 
WPI 
 
Trans-4-amino cyclohexanol 
 
5.00 
 
strong base, industrial use 
 
fishy, amine 
 O'Neil and others 
2001 
WW 
 
3-Ethyl-2-methylhexane 
 
5.20 
 
industrial use, pollutant 
 
alcohol-like 
 Orion Chemical 
c2002 
WPI 
 
Tetrahhydrol-3-thiophenamine 
 
5.27 
 
possible nitrosamine 
 
NA 
 Ciganek and 
others 2007 
WW 
 
Butan-1-ol 
 
5.74 
 
fermentation volatile 
 sweet 
balsam 
 Dumont and Adda 
1978 
WPI  2-Methyl-1-pentanol  5.90  flavor and fragrance  whisky  Joyce 1984 
WW  2-Oxobutanoic acid  6.71  food volatile  caramel  Ahn and others 
1
0
7 
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2000 
WPI  Tris(ethanesulfonyl)methane  7.41  NA  NA  NA 
WPI 
 
Diethyl disulfide 
 
9.58 
 
flavoring agent 
 
garlic-like 
 Shanghai Amino-
Chemistry c2002 
WPI 
 
2-Ethyl-1-hexanamine 
 
10.9
9 
 
industrial use 
 
fish-like 
 Environmental 
Working Group 
c2007-2011 
WW 
 
1,2-Dichlorobenzene 
 11.9
1 
 
standard used 
 
ammonia 
 
 
WPI 
 
1,2-Dichlorobenzene 
 11.9
1 
 
standard used 
 
ammonia 
 
 
WW 
 
2-Methyl-1-butanamine 
 14.2
1 
 
flavoring agent 
 
fishy 
 
NAmedia 2010 
WW 
 
Ethyl isocyanate 
 15.1
6 
 
industrial use 
 
NA 
 Dumont and Adda 
1978 
WW 
 Aminoacetonitrile 
 
 18.1
4 
 
NA 
 
NA 
 
NA 
WW 
 
3-Methyl-1,3-Oxazolidine 
 18.9
5 
 
NA 
 
NA 
 
NA 
WW 
 
1-H-1,2,4-triazole 
 
19.0
2 
 
industrial use 
 
NA 
 The Good Scents 
Company c1980-
2011 
WW 
 
3-methyl-2-phenylmorpholine 
 
19.0
2 
 
pharmacy use 
 
NA 
 The Good Scents 
Company c1980-
2011 
WW 
 
4-methyloxane-2,6-dione 
 19.9
4 
 
NA 
 
NA 
 
NA 
WPI 
 
3,4-Dimethyl-1,2,5-oxadiazole 
 20.4
8 
 
NA 
 
NA 
 
NA 
WPI 
 
3-Amino-1-propanol 
 
20.4
9 
 
chemical intermediate 
 
fishy 
 The Good Scents 
Company c1980-
2011 
1
0
8 
 
 108 
 
WW 
 2,2,5,5-Tetramethyltetrahydro-3-
ketofuran 
 20.5
9 
 
NA 
 
NA 
 
NA 
WW 
 
Oxolan-2-ylmethyl butanoate 
 20.8
6 
 
flavor and fragrance 
 
fruity 
 
NAmedia 2010 
WW 
 
Beta-aminoisobutyric acid 
 
20.9
8 
 
amino acid end product 
 
NA 
 The Good Scents 
Company c1980-
2011 
WPI 
 
Morpholine 
 21.0
0 
 
pH adjuster, fruit coating 
 
amine-like 
 
NAmedia 2010 
WW 
 
diprop-2-enyl carbonate 
 21.2
3 
 
industrial use 
 
pleasant 
 
Potts 1961 
WW 
 
Methyl 2-propenoate 
 21.7
3 
 
chemical intermediate 
 
plastic-like 
 Pharmacy Codes 
c2011 
WW 
 
Cyanamide 
 22.2
5 
 
agricultural use 
 
NA 
 The Chemical 
Dictionary c2009 
WW 
 
1-Bromo-2-methyl propane 
 
22.5
4 
 
chemical intermediate 
 
ether-like 
 The Good Scents 
Company c1980-
2011 
WW 
 
Propanoyl chloride 
 22.7
8 
 
acid derivative 
 
vinegar-like 
 
Britannica c2011 
WPI 
 
1-H-1,2,4-triazole 
 22.7
8 
 
chemical intermediate 
 characteristi
c 
 Huntsman c2007 
WPI 
 
Nitroethane 
 23.2
7 
 chemical intermediate, 
possibly toxic 
 
fruity 
 
Dowbenko 2003 
WPI 
 
Beta-aminoisobutyric acid 
 23.4
4 
 
amino acid product 
 
NA 
 
NAmedia 2010 
WPI 
 
O-Methyl-N-methylcarbamate 
 23.7
0 
 
theoretical amino acid 
 
NA 
 Auchmoody and 
Wendel 1973 
WPI 
 
Glycyl-di-alpha-amino-n-butyric acid 
 24.0
4 
 
amino acid product 
 
NA 
 
NAmedia 2010 
WPI 
 
1,1-Dicyanoethyl acetate 
 24.6
5 
 
possibly toxic 
 
NA 
 
Clark c2009-2011 
1
0
9 
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WW 
 3-Acetamido-s-triazole 
 
 24.6
6 
 
NA 
 
NA 
 
NA 
WW 
 
N,N-Dimethylnitrous amide 
 24.8
3 
 potential carcinogen 
 
 
NA 
 
NAmedia 2010 
WPI 
 1,3-Di(propanoyloxy)propan-2-yl 
propanoate 
 25.0
4 
 diluent for flavor or 
fragrance 
 
oily 
 
NAmedia 2010 
WPI 
 
2-Amino-5-nitropyrimidine 
 25.2
7 
 
guanidine derivative 
 
NA 
 
Britannica c2011 
WPI 
 
Propan-1-amine 
 
26.3
6 
 
chemical intermediate 
 strong 
ammonia 
odor 
 
Online 2011 
WPI 
 
6-Aminohexanoic acid 
 27.1
5 
 
lysine derivative 
 
NA 
 
Walter 1943 
WPI 
 
Ethyl propionate 
 27.3
8 
 
food preservative 
 
fruity-rum 
 
Clark c2009-2011 
WPI 
 
3-Methyl-1-butanamine 
 
28.1
5 
 
chemical intermediate 
 
ammoina 
 Environmental 
protection agency 
c2011 
WW 
 
Prop-2-enal 
 
28.3
0 
 
chemical intermediate 
 
putrid 
 The Good Scents 
Company c1980-
2011 
WW 
 
2-Chloroethanol 
 28.6
7 
 1,2-dichloroethane product, 
toxic 
 pleasant 
ether-like 
 Nakaok and 
Yokose 2011 
WW 
 
1,2-Diaminoethane 
 28.8
5 
 ammonia and 1,2-
dichloroethane product 
 
amine-odor 
 
NAmedia 2010 
WPI 
 
2-Fluoroacetamide 
 29.3
8 
 citric acid cycle disrupter, 
toxin 
 
NA 
 Krishnamurti and 
others 1994 
WW 
 
3-Methyl-1-butanamine 
 30.7
5 
 
chemical intermediate 
 
ammoina 
 
NAmedia 2010 
WPI 
 
5-Amino-1-pentanol 
 30.8
3 
 
NA 
 
NA 
 
NA 
WW 
 
Pentafluoropropionic anhydride 
 30.8
7 
 
NA 
 
NA 
 
NA 
1
1
0 
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aRT- the retention time in minutes 
  
WW 
 
Acetyl cyanide 
 31.0
5 
 
NA 
 
NA 
 
NA 
WW 
 
Propane-1-sulfonyl chloride 
 31.1
0 
 
chemical intermediate 
 
fruity 
 
NAmedia 2010 
WW 
 
Nitroethane 
 31.7
1 
 chemical intermediate, 
possible toxin 
 
fruity 
 Adkins and 
Hartung 1941 
WW  Dipropyl sulfoxide  
31.9
6 
 NA  NA  NA 
1
1
1 
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(5) oxolan-2-ylmethyl butanoate from possible AA breakdown (Ahn 2002); (6) propanoyl chloride, 
derived from a reaction between ethanoyl chloride and ammonia (Clark c2009-2011); and, (7) prop-
2-enitrosaminesl, a chemical intermediate (Adkins and Hartung 1941). Hydrolyzed WPI also had 
several compounds that may have contributed to the aroma:  (1) 2, 5-dimethyloctane, which is a 
volatile found in meats (Ahn and others 2000); (2) 2-methyl-1-pentanol, which may be produced 
from AA breakdown (Ahn 2002); (3) diethyl disulfide, which is a volatile produced in garlic (Yu 
1989); (4) 2-ethyl-1-hexamine, which is malodorous (NAmedia 2010); (5) 3-amino-1-propanol, 
which may be an AA derivative (Tavaria and others 2002); (6) Propan-1-amine, a malodorous 
chemical intermediate (NAmedia 2010); and, (7) ethyl propionate, which is a pleasant-smelling 
preservative (NAmedia 2010).      
There were a few volatile compounds that may be toxic at certain thresholds; however, the 
purpose of this study was to identify, not quantify, potential toxic compounds. The compounds of 
concern in hydrolyzed whole whey were:  (1) N,N-dimethylnitrous amide, which is a potential 
carcinogen (Environmental protection agency c2011); (2) 3-ethyl-2-methylhexane, which may be an 
environmental pollutant (Environmental Working Group c2007-2011); and, (3) nitro-ethane, which 
is a possible toxin (NAmedia 2010). Two more toxins were identified (2-chloroethanol and 1,2-
diaminoethane), but were derivatives of the standard, 1,2-dichloroethane (NAmedia 2010). In 
hydrolyzed WPI the potential toxins included tetrahydrol-3-thiophenitrosaminesmine, which is a 
possible nitrosamine (carcinogen) and 1,1-dicyanoethyl acetate, which may be toxic (Clark c2009-
2011; NAmedia 2010). 
3. LOW MOLECULAR WEIGHT VOLATILES 
Hydrocarbons, permanent gases, and sulfur gases were analyzed as degradation products of 
hydrolyzed WPI (250 °C at 30 min). C2 to C8 hydrocarbons were observed in trace amounts with 
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butane (0.4% v/v) at the highest concentration after SWH of WPI. The sulfur gases present, at 
concentrations below 0.5% (v/v), were hydrogen sulfide (rotten-egg odor), methyl metcaptan 
(rotten-cabbage odor), ethyl mercaptan (onion odor), and propyl mercaptan (onion odor) (O'Neil 
and others 2001; Luebke 2010). Ahn (2002) also found methyl metcaptan was produced during 
irradiation of sulfur-containing AAs. Permanent gases included nitrogen (5.5%), carbon monoxide 
(1%), methane (0.1%), and carbon dioxide (88.7%), which are the same gases found by Rogalinski 
and others (2005) following SWH of bovine serum albumin.   
D. CONCLUSION 
Overall, volatiles identified from the WPI and whole whey samples consisted of alcohols, 
aldehydes, furans, hydrocarbons, ketones, lactones, phenols, pyrazines, pyrroles, short-chain fatty 
acids, and sulfur compounds. SPME injection sampling resulted in eight volatiles identified in 
hydrolyzed WPI and ten in hydrolyzed whole whey, with several of these volatiles contributing to 
hydrolyzate malodor. Using SPME technology, suggested optimum sampling and GC/MS conditions 
only allowed for identification of two nitrosamines and four polycyclic aromatic hydrocarbons when 
evaluating standards incorporated in water and with SPME technology, nitrosamines or polycyclic 
aromatic hydrocarbons were unidentified in a complex matrix, like hydrolyzed whey. 
Direct headspace measurement of volatiles resulted in the identification of 21 compounds 
from WPI and 29 compounds from whole whey with only six common compounds possibly due to 
SWH. Many of these were considered malodorous, and a few were considered toxic. The drawback 
of direct headspace is that volatile concentration was low. From the results of this study, it is clear 
that a gel-permeation cleanup for the sample and a concentration method (Environmental 
Protection Agency 1994)will need to be applied  to the samples before direct injection may be 
successful.   
 113 
 
VII. CONCLUSIONS 
Subcritical water hydrolysis hydrolyzed whey protein isolate without the need for acids, 
bases, or enzymes. Degree of hydrolysis up 12.3% was achieved after hydrolyzing whey protein 
isolate at 250 °C for 50 min in a 100-mL batch high-pressure reactor. Furthermore, in hydrolyzates 
with degrees of hydrolysis > 10%, the majority of the peptides had a molecular weight < 0.1 kDa, 
which is important since lower MW peptides are less likely to induce allergic reactions when used in 
food applications. The greatest concentration of free amino acids was 57.4 mg g-1 of whey protein 
isolate that was achieved when using a hydrolysis temperature of 300 oC for 40 min, with lysine 
being the largest contribution to free amino acids composition. Though the concentration of total 
amino acids was higher when hydrolyzed with acid, the concentrations of lysine and threonine were 
greater after subcritical water hydrolysis; thus, subcritical water hydrolysis may be optimal for the 
production of lysine and threonine, which are both essential amino acids commonly supplemented 
in animal feed. In addition, degree of hydrolysis and amino acid composition were significantly 
affected by the interaction of treatment temperature and time, which indicates that subcritical 
water hydrolysis of whey protein isolate can be reasonably controlled with these parameters for 
specific purposes.  
The catalytic effects of sodium bicarbonate on the subcritical water hydrolysis of whey 
protein isolate increased the degree of hydrolysis four-fold when compared to water alone, or 
reduced reaction temperature and time requirements for a fixed degree of hydrolysis. An 
interaction of the concentration of sodium bicarbonate, temperature, and time significantly 
affected the degree of hydrolysis generating hydrolyzates with a degree of hydrolysis up to 50 % 
(according to the linear prediction model). For a fixed degree of hydrolysis of 12.3%, the addition of 
sodium bicarbonate reduced the reaction temperature by 84 °C and the reaction time by 20 min 
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when compared with water alone. Peptide molecular weights decreased as sodium bicarbonate 
concentration, temperature, and time increased; however, evaluation of the changes in peptide 
molecular weights indicated that as temperature increased, the effect of bicarbonate was less 
significant. Thus, it appears that high temperatures degrade peptides and amino acids at a faster 
rate than they are produced. The maximum predicted concentration of total amino acids was also 
greater (83.0 mg g-1 of whey protein isolate) at a lower temperature and a shorter reaction time 
than when using water alone. However, alanine and leucine were the major contributors to the 
overall free amino acids produced, instead of lysine and threonine as found with pure water. 
When using whole whey instead of whey protein isolate, the maximum predicted degree of 
hydrolysis attained was 17.8% with water in the subcritical state at 200 °C and 10 min of reaction 
time. Overall, the maximum predicted degree of hydrolysis was greater for whole whey than for 
whey protein isolate and required a lower reaction temperature and less time. The concentration of 
peptides in hydrolyzed whole whey was lower than in hydrolyzed whey protein isolate when 
exposed to high temperatures and long reaction times, and there was a lower maximum 
concentration of amino acids (41.3 mg g-1 whole whey). The greater hydrolysis of whole whey could 
be attributed to the high initial degree of hydrolysis of whole whey compared to whey protein 
isolate or to additional side reactions that may be occurring during subcritical water hydrolysis of 
whole whey due to the matrix differences of whole whey and whey protein isolate. Lysine and 
threonine did not contribute the highest concentration to the total amino acids (similarly to when 
sodium bicarbonate was added). The amino acids present in the highest concentrations were 
arginine and aspartic acid, which supports the idea that other reactions in addition to subcritical 
water catalysis are occurring. The maximum degree of hydrolysis of whole whey required a lower 
temperature and less time than whey protein isolate; thus, the use of whole whey may eliminate 
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the pre-processing steps involved in isolating whey protein and, ultimately, save time and resources 
when a high degree of hydrolysis is the target.  
Overall, approximately 35 and 45 volatiles were produced after hydrolysis of whey protein 
isolate and whole whey, respectively. These volatiles consisted of alcohols, aldehydes, furans, 
hydrocarbons, ketones, lactones, phenols, pyrazines, pyrroles, short-chain fatty acids, and sulfur 
compounds. Several of the compounds generated are considered malodorous, and a few can be 
potentially toxic. Future studies may include positively identifying and quantifying these 
malodorous and toxic compounds. Methods to reduce or eliminate these compounds should also 
be studied. Furthermore, non-volatile, anti-nutritional (lysinoalanine, ornithoalanine and 
lanthionine) compounds produced by Maillard reactions that may occur during SWH should be 
explored.  
 Subcritical water hydrolysis generated valuable products, like low-molecular weight 
peptides and amino acids, with reasonable control of the outcomes by adjustments of the 
treatment temperature and reaction time. By introducing additives, like sodium bicarbonate, 
hydrolysis was improved by lowering reaction temperatures and shortening reaction times, or 
conversely, by increasing the degree of hydrolysis for a fixed set of reaction temperatures and 
times. In addition, time, and possibly energy, may be saved by the use of whole whey and the 
elimination of some of the pre-processing steps involved in the production of whey protein isolate; 
however, the end products may not be similar to the ones obtained by subcritical water hydrolysis 
of whey protein isolate. Specifically, amino acid concentration and composition may be different 
because the production and destruction of individual amino acids varies with different hydrolysis 
environments (atmosphere, matrix, temperature, and time). 
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IX. APPENDIX 
• Permission to adapt “Figure 2.1-(a) The subcritical area of the Water Phase Diagram and (b) the 
density and dissociation constant of water as affected by temperature and pressure in the 
subcritical area. (p. 14),” was given in communication by electronic mail by Martin Chaplin (p. 
139). 
• Decision to use information from several authors (Mok and others 1989; Sato and others 2004; 
Klingler and others 2007) to produce “Figure 2.2-Examples of possible degradation pathways of 
a few amino acids during subcritical water hydrolysis, (p. 20)” in Symyx Draw 4.0 (Accelrys Inc., 
San Diego, California, USA) was based on information provided through email by the Patent 
Attorney for the Division of Agriculture at University of Arkansas (p. 140). 
• Permission to use “Figure 2.3-Reaction of o-phthaldialdehyde with glycine to form a fluorophor 
to demonstrate the method of determining the degree of hydrolysis of proteins. (p. 25)” was 
given by communication through telephone by Paul Held Ph. D., Senior Scientist, Applications 
Dept., BioTek Instruments, Inc.  
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“Martin martin.chaplin@btinternet.com via mx6.uark.edu to awheele
 
show details Aug 10 
That is fine 
Good luck 
martin 
  
From: awheele [mailto:awheele@uark.edu]  
Sent: 10 August 2011 03:52 
To: martin.chaplin@btinternet.com 
Subject: Question 
  
Hello Mr. Chaplin, 
 
     I am a student from the Food Science Department at University of Arkansas. I was 
wondering if I could have permission to use the information in you "Water Phase Diagram" 
and reference you as the source in my thesis?  Thank you for your time, and I look forward 
to hearing from you! 
 
              Thank you, 
              Ashley Espinoza” 
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From: Lisa C. Childs  
Sent: Thursday, August 11, 2011 4:09 PM 
To: Mark Hamilton Swaney; Susie J. Engle 
Subject: RE: a question from a student 
  
Mark, 
I think the question is one of copyright fair use. Harold Evans has weighed in on a similar question 
before and the following is his advice. 
 Is the thesis going to be published? If not or if there will be only limited distribution, then there is 
no real injury to the copyright owners even if other factors might not favor fair use. Essentially, the 
infringement would be de minimus. If the thesis will be published, the student will have to make a 
good faith determination of whether or not each use of a copyrighted work qualifies as a fair use. 
Performing such a determination also reduces the chances that damages will be assessed for 
infringement. The student should review the information at the link below which explains the four 
factor fair use test. 
 http://copyright.lib.utexas.edu/copypol2.html 
  
Lisa C. Childs, Ph.D. 
University of Arkansas 
Associate Vice Provost for Research and Economic Development 
Patent Attorney for the Division of Agriculture 
Innovation Center Suite 108 
535 Research Center Blvd. 
Fayetteville AR 72701 
479-575-6833 (t) 
479-575-5717 (f) 
  
From: Mark Hamilton Swaney  
Sent: Thursday, August 11, 2011 3:51 PM 
To: Lisa C. Childs; Susie J. Engle; Subject: a question from a student 
  
Lisa, 
 A student has called me with an IP question that she needs to know the answer to before she can 
finish her thesis.  She has a figure in her thesis that she has created that uses components of three 
other figures by other authors.  Her question is “do I need permission of the other authors before I 
can publish the new figure which uses parts of the other figures?” 
 I have her phone number and e-mail address so I can tell her if you can let me know the answer to 
the question. 
 Sincerely, 
 Mark Swaney 
University of Arkansas 
Technology Licensing Office 
Phone: 479-575-7243; Fax: 479-575-5717  
535 Research Center Blvd 
Fayetteville AR 72701 
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